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FOREWORD 


Aerojet Liquid Rocket Company submits this Final Report as part of the 
OME Platelet Injector Program, Contract NAS 9-13133. 

The work was conducted under the cognizance of Mr. R. C. Kahl of 
NASA/JSC who is the contract monitor. Aerojet personnel include L. B. Bassham, 
program manager. Dr. R. J. LaBotz, operations project manager, and R. W. Michel, 
project engineer. 
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ABSTRACT 


The OME Platelet Injector Program, Contract NAS 9-13133, was undertaken 
to evaluate a platelet-face injector for the Orbit Maneuvering Engine (OME) on 
the Space Shuttle as a means of obtaining additional design margin and lower 
cost. This final report documents the entire program exclusive of testing 
done at NASA/WSTF in 1973 and 1974, which is reported separately. 

The program was conducted in three phases. The first phase evaluated 
single injection elements, or unielements; it involved visual flow studies, 
mixing experiments using propellant simulants, and hot firings to assess 
combustion efficiency, chamber wall compatibility, and injector face temperatures. 
In the second phase, subscale units producing 600 Ibf thrust were used to 
further evaluate the orifice patterns chosen on the basis of unielement testing. 

In addition to combustion efficiency, chamber and injector heat transfer, the 
subscale testing provided a preliminary indication of injector stability. Full 
scale testing of the selected patterns at 6000 Ibf thrust was performed in 
the third phase. Performance, heat transfer, and combustion stability were 
evaluated over the anticipated range of OMS operating conditions. The effects 
on combustion stability of acoustic cavity configuration, including cavity depth, 
open area, inlet contour, and other parameters, were investigated. 
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I. INTRODUCTION 


The Orbit Maneuvering tngine Platelet Injector Program, Contract NAS 
R-13133, was awarded to Aerojet Liquid Rocket Company (ALRC) for the design 
and evaluation of a platelet injector suitable for the Space Shuttle Orbit 
Maneuvering System (OMS) 6000 Ibf thrust engine. The contract was started 
September 25, 1972, and consisted of three phases involving single i-^jector 
elements of 6 Ibf thrust, subscale injectors of 600 Ibf thrust, and finally, 
full scale injectors for the 6000 Ibf application. 

The face of a platelet injector is formed from a stack of thin metal 
platelets which are diffusion bonded into a single unit; propellant orifices 
and flow passages are photoetched into or through each platelet prior to bond- 
ing. The platelet concept was selected because of several unigue features in- 
cluding ease of manufacture, potential high performance with reduced chamber 
lengths, and ease of pattern rework allowing economical and expeditious engine 
development. In the first phase of the program, unielement testing, single in- 
jection elements were evaluated on the basis of performance, hydraulics, and 
compatibility. The most promising candidate elements were evaluated further in 
the second phase, subscale testing, to assess the effects of multielement inter- 
action on performance, compatibility, and stability. The third phase, full scale 
testing, was conducted to substantiate these characteristics for flight-sized 
hardware. 

Full scale testing included evaluation of workhorse and preprototype 

regeneratively cooled chambers. For the most part, regenerative chamber testing 

was conducted under altitude conditions at NASA/WSTF and is completely documented 
1 2 

elsewhere. * Except for (wrposes of comparison, the WSTF results will not be 
presented in this report. The WSTF testing served as a demonstration of the 
regenerative chambers and, in addition, evaluated such factors as: film cooling, 

chamber length variations, effect of helium saturated propellant, ingestion of 
helium bubbles into the propellant circuits, start and shutdown transient 


' WSTF Test Report, Report No. 13133-S-l, 12 December 1973 
^ 1974 WSTF Test Report, Report No. 13133-S-3, 1 April 1975 
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I, Introduction (cont.) 

behavior, simulation of the vehicle pod feed system, chugging, restart with 
and without a purge, postfire propellant evacuation and heat soakback charac- 
teristics, purge definition, chamber heat transfer, and performance. 

Full scale testing at ALRC, mostly with uncooled hardware^ comprised 
some 362 firings, and was primarily concerned with combustion stability and 
the effects of acoustic cavity configuration. This report documents fully the 
ALRC testing, as well as the unielement and subscale work. 

The entire program, in particular the full scale testing at WSTF, was 
guided in its planning and progress by the philosophy that it must provide 
early identification and solution of potential problems, both in regard to 
hardware design and fabrication, as well as to engine behavior and operating 
limits as determined under test conditions. 
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II. SUMMARY 


The primary objective of the program was to demonstrate a platelet face 
injector for application on the OMS engine. This engine is to develop 6000 IbF 
thrust using nitrogen tetroxide, N20^, and monomethyl hydrazine, MMH, as propel- 
lants, with a chamber pressure of 125 psia and a mixture ratio of 1.65. The 
program was conducted in four phases and consisted of nine tasks proceeding 
from a single injection element to the full scale configuration. This report 
summarizes these tasks topically which are addressed as follows: 

Uni element Program (6 Ibs^ Thrust) 

Task lA - Injector Element Design and Analytical Evaluations 

Subscale Program (600 Ibs^ Thrust) 

Task IB - Subscale Design 

Task II - Injector Element Experiments Evaluation 

Full Scale Program (6000 Ibs^ Thrust) 

Task IV - Demonstration Injector Design 
Task V - Demonstration Injector Fabrication 
Task VI - Demonstration Injector Test Evaluation 

Demonstration Program (6000 Ibs^ Thrust) 

Task VII - Platelet Injector Design Update 
Task XI - Regenerative Chamber Fabrication 

Contractually Required Reports 


Task XII - Reporting 
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II, Summary (cont.) 

A. UNIELEMENT TESTING 

Six fundamentally different injection elements were conceived 
and tested in the unielement phase of the program. These were selected on 
the basis of fabricability using platelet construction techniques plus the 
usual com i derations of performance, compatibility, and stability. Thirty- 
nine geomitrical variations of the six basic elements were built and tested 
to some degree. 

Testing included: (1) spray tests with water allowing visual 

observation of both circuits, separately and together; (2) mixing tests in- 
volving propellant simulants to enable mapping of mixture ratio and mass flux 
profiles; (3) hot fire tests to provide some indication of combustion effici- 
ency, sensitivity to propellant temperature and mixture ratio, and injector 
and chc.mber wall compatibility. Eighty-eight hot fire tests were conducted. 

^s a re‘ It of unielement testing, two elements were selected for 
subscale and full scale evaluation. One was a splash plate which showed high 
performance, excellent compatibility, and insensitivity to operating point and 
propellant temperature. The other was an X-doublet which showed lower per- 
formance and also lower heat flux levels. 

B. SUBSCALF TE:>TING 

Sujscale testing consisted of eighty-seven hot fire tests and 
fourteen c^'ld flow tests. The purpose of the latter was to investigate pattern, 
hydraul’ , and propellant distribution characteristics. In the hot firings, 
thre. patterns were tested: the splash plate, the X-doublet, and a mixed 
element consisting of the splash plate and X-doublet patterns. Two variations 
of the splasl. p'.ate and X-doublet elements were used. 





. 1 . 


. A. 






Report 13133-F-l 


II, B, Subscale Testing (cont.) 

The purpose of the hot fire tests was to establish performance, 
heat transfer, and stability with multielement injection. The effectiveness 
of acoustic cavities in damping combustion instabilities was evaluated in 
fifty- five bombed firings, and the effect of chamber length on stability was 
likewise examined. Chugging tests were run. The variation in performance 
and chamber heat transfer with fuel film cooling was also investigated. Two 
series of tests each comprising 1500 thermal cycles were conducted to assess 
cycle life capability of platelet face injectors. 

The stability of the splash plate pattern was found in subscale 
testing to be very sensitive to operating point and propellant temperature, 
so much so that the X-doublet was selected as the primary candidate pattern 
for full scale design and evaluation. 

C. FULL SCALE TESTING 

Full scale testing at ALRC was conducted primarily to identify 
the effects of injector pattern, cavity configuration, chamber length, film 
cooling, and operating point on performance, compatibility, and stability 
characteristics. The period of testing extended over one year and in part was 
tandem to the WSTF testing. Five basic injector designs were utilized, and 
twelve individual faces were actually fired. There were 362 firings at ALRC, 

294 of which were bombed, with a total duration of 819 sec. 

The primary areas of investigation related to the influences of 
cavity depth and area, cavity inlet contour and flow resistance, and injector 
overlap on stability margin. Lesser areas of investigation related to the 
effects of film cooling, chamber length, and bomb location; also, several tests 
were concerned with low and high pressure drop injectors, a high contraction 
ratio chamber, chugging, and the substitution of A-50 for the specified fuel, MMH. 
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II, C, Full Scale Testing (cont,) 

On the basis of successful testing accomplished at WSTF in 1973, 
the XDT-2 pattern was chosen as the primary candidate for further altitude 
Q cell evaluation. However, because of the large body of empirical data subse- 

0 quently accumulated at ALRC with the XDT-1 pattern, it was designated as the pro- 

totype. In 1974 WSTF testing, the XDT-1 pattern fully met all of the applicable 
flight hardware design specifications. 
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III. RESULTS AND CONCLUSIONS 



The results and conclusions presented below derive mostly from the 
WSTF testing which was the principal evaluation of the demonstration injector and 
chamber fired under altitude conditions. Unielement and subscale testing and 
full scale stability testing at ALRC, while important to the develooment of the 
demonstration design, nonetheless was secondary in terms of program oojectives. 
Discussion in these areas will consequently be limited. 


■i 


1 



i 
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A. UNIELEMENT TESTING 



1. Unilement testing with propellant simulants well as in 
hot firings provides an effective means of studying flow and atomization 
characteristics, mixture ratio and mass flux profiles. It is a useful and in- 
expensive screening procedure for screening different elements and likewise a 
useful design technique for optimizing a particular element configuration. 

2. As a result of uni element testing, the splash plate element, 
SP-2, was selected as the primary candidate for subscale test evaluation on the 
basis of its high performance, excellent compatibility, and insensitivity to 
propellant temperature and operating point. 

3. The X-doublet, XD-0 was chosen as a back-up configuration, 
in part because of its lower performance. 

B. SUBSCALE TESTING 


1. Subscale testing provided an intermediate step between uni- 
element evaluations and full scale hardware design. It allowed a meaningful 
evaluation of performance, heat transfer, and stability under multielement 
firing conditions, and it did so at somewhat lower costs for hardware fabri- 
cation and test purposes than would obtain with full scale hardware. On the 
other hand, little was accomplished by the subscale tests that could not have 
been done as easily in full scale testing. Particularly with renard to 
stability results, subscale testing can be misleading. 
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! Subscale Testing (cont.) 

2. The subscale injectors twice demonstrated a cycle life 
capability of 1500 thermal cycles without structural damage. 

0 i 

,0 3. The splash plate element chosen in the unielement testing 

as the primary candidate was found in subscale testing to have unstable 
tendencies. The X-doublet proved more acceptable and thus replaced the other 
as the primary candidate. 

C. FULL SCALE 

The full scale results discussed below are broken down into areas 
of particular interest, e.g., fabrication, performance, heat transfer, 
stability, etc. For the most part, the hot test results are based on WSTF 
altitude testing, except for stability results which are based primarily on 
ALRC sea level tests. 

1. Fabrication 

a. The f abri cabi 1 i ty of full scale platelet injectors was 
demonstrated. No significant fabrication problems were encountered with the 
baseline bonding procedure. When an inadvertant deviation from this procedure 
occurred, four injectors were fabricated which developed leaks. 

b. The ease and rapidity of injector rework was an unantici- 
pated benefit of the platelet fabrication technique. A pattern could be machined 
off the face and a completely new pattern made from existing artwork and in- 
stalled within three days. 

. c. The applicability of platelet fabrication methods to 

baffled injectors was demonstrated. A three bladed, integral baffle injector 
was constructed without incident. 

d. The fabricability of milled slot regenerative chambers 
with electroformed nickel external walls was demonstrated. 
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III.C, Full Scale (cent.) 

2. Performance 


a. Delivered specific Impulse at the nominal operating 
point Is between 314 and 317 sec for the platelet Injectors; the nonplatelet 
like-doublet Injector achieved comparable performance. 

b. Performance degradation due to the use of helium-saturated 
propellants Is negligible. 

c. The use of approximately 8% of the fuel as film coolant 
reduces specific Impulse about 1 sec with the like-doublet. 

d. The performance loss due to the removal of the 4 In. L* 
section amounted to 2 to 3 sec for either type of Injector. 

e. Performance improves from 0.2 to 1.2 sec as prooellant 
temperature Is raised from 40 to 110°F. 

3. Heat Transfer 


a. Maximum gas-side regenerative chamber temperature at the 
throat Is 765®F when using the prototype Injector at nominal conditions. The 
corresponding cycle life Is estimated to be 1350 cycles for the flight chamber. 

b. The gas-side regenerative wall temperature Increases about 
18®F for a 0.1 increase In mixture ratio, and about 70®F for a 25 psi increase 
In chamber pressure. Helium saturation has a negligible effect on wall temper- 
ature and film cooling has only a slight effect. 

c. The coolant bulk temperature rise Is 164“F for the 
prototype hardware at nominal conditions. The rise increases lO^F for every 
0.1 Increase In mixture ratio. It Is not a function of chamber pressure. 
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III,C, FuHI Scale (cont.) 

d. The burnout safety factor (R^q*^) is estimated to be 
about 1.40 for the flight hardware at nominal conditions. Calculated safety 
factors less than 1.00 were actually tested Indicating some conservatism in the 
analytical approach. 


e. Film cooling is not necessary with the X-doublet injector. 

f. Helium bubbles of length sufficient to momentarily 
estinguish combustion were introduced into each propellant circuit without 
Incident. The bubble in the fuel circuit passes through the chamber somewhat 
preferentially on the inlet side. The oxidizer-circuit bubble caused high face 
temperatures (ISSO^F) on the like-doublet injector; whether the X-doublet 
platelet Injector would experience comparable temperature levels is uncertain. 

g. Pressure oscillations in the fuel inlet manifold of the 
regenerative chamber were observed under certain test conditions. The cause of 
these oscillations is uncertain. 

h. Wall temperature excursions from one steady-state level to 
a higher level after several seconds of firing were observed on both chambers. 
Such excursions ranged from 50 to 100*F and suggest a shift "from nucleate to 
film boiling in a very local area of the coolant channel. 

4. Stability 

a. A stable baseline injector-acoustic cavity configuration 
was established. It consisted of the X-doublet injector in conjunction with a 
circumferential cavity housing having eight 1-T cavities and four 3-T cavities. 
The 1-T cavities were 1.5 in. deep, as measu*'®d from the injector face, and had 
an open area equal to 18% of the injector face area; the 3-T cavities were 0.4 
in. deep and had an open area equal to 9% of the face. 
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Full Scale (cont.) 

The stability margin of this baseline configuration was 
determined to be 80%, that is, the cavity area was 80% greater than reouired 
for stable operation. 


c. The primary mode of instability with the X-doublet patterns 
was resurging, which consists of periodic bursts of spinning 1-T mode. The 
frequency of these bursts is about 400 Hz. 

d. The installation of dams at the three null points in € h 
of the injector face ring manifolds was the single most effective means of 
eliminating resurging instability. 

e. The stability of the X-doublet patterns was very sensitive 
to the acoustic cavity inlet geometry. This sensitivity apparently results from 
interference of the cavity lip with the injection spray pattern rather than any 
change in acoustic characteristics. The sensitivity of the like-doublet pattern 
to cavity configuration was not extensively tested. 

f. The mixed element injector reouired 1-T, 2-T, and 3-T 
cavities to eliminate acoustic mode instabilities with a 16 in. chamber. It was 
unstable with this cavity configuration in a 12 in. chamber. 

g. The i !xed element-integral baffle injector was spontaneously 
unstable in a depressed 1-T mode. The three-bladed baffle was intended to 
provide 1-T damping and the acoustic cavities 2-T and 3-T damping. 

5. Start and Shutdown Transients (Prototype Chamber) 

a. In WSTF testing, thrust overshoot during the start transient 
averaged about 40% of steady state value but in several tests exceeded 50%. 
Pressure overshoot could not be established accurately because of slow-response 
instrumentation. 
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IIIpC, Full Scale (cont.) 

b. Start Impulse ranged from 30 to 50 lb-sec for a dry 
engine start or an unpurged engine restart after coasts of 30 sec or longe»*. 
Considerably higher values were experienced for unpurged engine restarts with 
shorter coasts. 


c. Variation of the time interval from FS^ to 90% thrust was 
within + 0.1 sec of the average value. 

d. Shutdown impulse varied by more than 500 lb-sec o'*er the 
range of operating points tested; correction to nominal conditions appears 
feasible and is necessary to iroet the specification. 

e. Variation of the time interval from FS 2 to 10% thrust 
was within + .150 sec of the average value. 

f. Postfire chamber pressure oscillations were character- 
istic of cold engine shutdowns. 

g. Helium saturation has a negligible effect on start or 
shutdown characteristics. 

6. Evacuation and Soakout Characteristics; Purge; Limits of 

Simulation 


a. Fuel circuit evacuation times without a purge extended 
to 100 or 150 sec for the A-1 or workhorse chamber, depending on hardware and 
propellant temperature, and to 100 sec for the A-2 or demonstration chamber. 
Longer evacuation times are anticipated with cold propellant and cold hardware. 
Fuel freezing due to evaporative cooling was not experienced because cell pres- 
sures were never below the fuel triple point pressure. 
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III,C» Full Scale (cont.) 

b. Oxidize'" evacuation times ranged from 10 to 20 sec 
depending on temperature. Freezing occurred regularly without detrimental 
effect to restart. In one test, the oxidizer inlet line was positioned so 

as not to drain; temperatures 40“F below the freezing point were measured and 
complete sublimation of the accumulated frost required nearly 10 min. 

c. The pcstfire chamber temperature response of the A-1 
chamber closely followed the saturation temperature corresponding to the measured 
fuel injector manifold pressure for as long as liquid remained in the system. 
Thereafter, the chamber soaked out to peak temperatures ranging between 100 and 
200**F in 15 to 20 min, depending on firing duration. 

d. The postfire chamber temperature response of the A-2 
chamber did not closely follow the fuel saturation temperature, suggesting 
that the chamber is largely void of liquid immediately after valve closure, 
except in the *ilet manifold. Temperatures remained in the range of 250 to 
300“F for as long as 30 sec or until bulk boiling began in the manifold at 
which time they showed a considerable drop. Subsequent soakout temperatures 
peaked between 150 and 250° F. 

e. The necessity for a fuel circuit purge cannot be disproven 
without testing below the fuel triple point pressure so tl>at the risk of frozen 
fuel accumulating on the chamber walls, viz., downstream of the injector, may be 
assessed. However, nothing in the testing to date indicates that a purge is 
necessary. 


f. The fuel circuit purges tested did not appear to be totally 
effective in expelling the fuel. The most effective purges appear to be of low 
flow rate and long duration, rather than high flow rate and short duration. The 
purge is best initiated immediately on shutdown signal. The current OMS purge, 
380 standard cubic inches of gaseous nitrogen for 5 sec, is considered adequate 
but not optimum. 
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IV. RECOMMENDATIONS 

A. BASED ON UNI ELEMENT. SUBSCALE, AND ALRC FULL SCALE TESTING 

Primarily the reconmendati ons being made are a resuU of WSTF 
testing of prototype hardware as discussed below. However, a number of recom- 
mendations ensue from the uni element, subscale, and ALRC stability testing. 

1. Injection Elements 

a. Development of the splash plate element should be pursued. 
This element demonstrated exceptionally high performance with reduced chamber 
lengths but was not stable. Stabilized, the pattern could prove a most useful 
innovation. 


b. The vortex element should likewise be pursued. It shows 
promise for achieving high performance in reduced chamber length on the basis 
of uni element spray and mixing test results, but has never been hot-fired. 

c. Additional investigation of mixed element patterns is 
recommended. Mixed element injectors hold the promise of combining the higher 
performance characteristics of one element type with the greater stability of 
another type. 


2. Stability Testing 

a. A program to evaluate the influence of the acoustic cavity 
lip on the outer edge of the injector pattern should be conducted. Such a program 
could given substantial insight into pattern-cavity interactions and what is 
required for stability. 

b. Additional testing of the integral baffle injector should 
be performed with a modified pattern to establish the requirements for stability. 
Also, the baffled injector, in conjunction with the XDT pattern, might be used to 
confirm the hypothesized mechanism of resurging, in that it should eliminate the 
spinning 1-T mode which triggers the resurge. 
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IV ,A, Based on Unielement, Subscale, and ALRC Full Scale Testing (cont.) 

c. Application of unielement testing to stability investi- 
gations should be considered, perhaps by high speed photographic techniques, 
perhaps in conjunction with an acoustic "driver" to affect the injection, 
atomization, vaporization, and combustion processes in the same manner as 
happens in full scale hardware. Experimental techniques allowing manipulation 
of parameters important to each of the four processes individually without 
affecting the other three would be most useful in determining the drivino 
mechanism of any type of instability. 


B. BASED ON WSTF TESTING 

The following recomnendations are based on altitude testing of 
prototype hardware at WSTF. 

a. Further testing at high P^, high 0/F conditions is recommended 
because of the limited testing done at this end of the operating "box". 

b. Testing to simulate the design specification condition wherein 
the initial slug of both propellants is at the limiting temperature, 125'’F or 
30®F, while the remainder is at the nominal value, should be conducted. 

c. The effects of a helium bubble froth in either propellant should 
be investigated. 


d. Restarts after 30 to 60 sec coast periods should be investigated 
in greater detail. 

e. Testing at call pressures below the fuel triple point is 
imperative to determine if a purge is necessary. 
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IV, B, Based on WSTF Testing (cont.) 

f. If a purge is found necessary, more testing would be 
required to optimize the pertinent purge parameters. The resulting shutdown 
transient would have to be evaluated to ascertain compliance With the design 
specification. 


g. More postfire heat soakback data should be acquired. 

h. Hot restarts after short coasts (less than 10 sec) should 
be investigated further because of the several instabilities encountered und'r 
these conditions. 


i. Cavity gas temperatures and heat flux profiles should be 
determined in greater detail than has been done. 

j. Cycle life capability of the full scale hardware should br 

demonstrated. 

2. Technical Issues 


a. A simple one-degree of- freedom model of the WSTF test stand 
should be constructed to allow interpretation of measure start transient thrust 
measurements (see Specification Change #a below). 

b. The chamber gas-side wall temperature excursions that were 
monitored warrant further investigation. 

c. Additional stability testing is recommended. 

d. Purging of the oxidizer circuit as well as the fuel circuit 
should be reassessed. 


e. The effect of tolerance and tolernace stack-up on injector 
and chamber wall temperatures, thermal margin, injection characteristics, per- 
formance, and stability should be considered fully. 
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IV, B» Based on WSTF Testing (cont.) 

f. The fluid dynamic model of the engine system should be 
improved in the area of shutdown transient sitmjlation. 

g. The thermal model of the flight system should be updated 
to reflect postfire behavior of the flight prototype chamber. 

3. Specification Changes 

a. Chamber pressure overshoot during the start transient may 
exceed the allowable 150% of steady-state levels. It may be necessary to raise 
the allowable level to 200%. 

b. The shutdown impulse specification could be simplified 
by defining impulse as total impulse to zero thrust without specifying a time 
limit. It may be necessary to increase the allowable impulse value in any event. 

4. Instrumentation 


a. Higher response chamber pressure measurements are impera- 
tive if overshoot is to be determined accurately (see Specification Change No. a, 
above.) 


b. More chamber gas-side thermocouples are advisable and 
improved installation is pertinent. The demonstration chamber, in particular, 
was lacking in thermal instrumentation. 

c. Both flow meters and pressure transducers proved unreliable 
at times during the testing, and certain of the latter drifted as a result of 
temperature variations. Every effort should be made to eliminate this in future 
tests. 


d. Digital data as generated at **!STF would be easier to use if 
the various functions were titled with the commonly accepted nomenclature, rather 
than the function number as was done, viz., P^, Tpj and T^^g rather than 401 IP, 

401 9T, and 4025%. 
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IV,B, Based on WSTF Testing (cont.) 

5. Fabrication and Inspection 

a. During bonding of the platelet stack to the Injector 
body. It Is Important that the body Is given sufficient support to prevent 
creep. Corrective measures have been Incorporated In the fabrication procedure. 

b. Proper cleansing of the chamber surface prior to electro- 
forming Is of the utmost importance. 

c. Inspection techniques for determining bond quality between 
the platelet stack and the injector face should be developed. 

d. Inspection techniques to assess the bond between the 
electroformed outer shell and the Inner liner of the chamber should likewise 
be developed. 



ORIGINAIIPAOBIQ 
OF POOR QUAUTV 


V. APPLICATION OF RESULTS 




23 



Report 13133-F-1 


V. APPLICATION OF RESULTS 


The primary aopli cation of the results of this program has been the 
baseline design definition of the Space Shuttle OMS engine. In addition, how- 
ever, the technology is relevant to several other rocket engine applicc^tions. 


5-10 lb Thrust Vernier Engines 

The unielement program. Task I, clearly demonstrated the use of single 
injection elements, fabricated of platelets, at the 6 lb thrust level. These 
novel devices achieved high performance in minimal chamber length with minimum 
propellant volumes. The low cost flexibility of the concept provides a solid 
foundation for the application of unielements to this thrust class of rocket 
engine. 


10-1000 lb Thrust RCS Engines 


The subscale program. Task II, demonstrated the multielement flexibility 
of the platelet concept at the 600 lb thrust level. Various injector designs 
achieved high performance, good chamber compatibility, stability, and excellent 
cycle life. Low cost fabrication techniques coupled with the rework capability 
of platelet construction allow for expeditious development of engines in this 
thrust class. Moreover, injector thrust capability can be scaled up or down 
quite simply by photographic enlargement or reduction processes. 

6000 lb Thrust Maneuvering Engines 

The full scale demonstration programs. Tasks VI and VII, not only defined 
a baseline design for the OMS engine but also showed additional benefits to the 
platelet injector concept. Mixing of platelet elements by merging the artwork 
of two or more patterns allows the design emphasis to be shifted to stability. 
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V, Application of Results (cont.) 

performance or cooling margin as required. The rework feature provides for ^ 

injector development with an inexpensive and rapid fabrication cycle. The ,, 

program also demonstrated that the platelet concept is not restricted to an 1 '' 

unbaffled injector with the fabrication of an integral baffle unit having three •* 

separate injector compartments. These various design options clearly illustrate 
the inherent flexibility of the platelet injector concept as applied to engines 
in this higher thrust category. 


Page 25 








1 




VI. CONTRIBUTIONS OF OME TO OMS 




.1 


0 

,0 




1 1 i 1 1 } j- r 


Report 13133-F-l 

VI. CONTRIBUTIONS OF OME TO OMS 


The major accomplishment of the OME Flatlet Injector Program has been to 
establish a firm technology base for the design and development of the OMS 
engine, and to provide a fundamental understanding of engine behavior for a 
variety of conditions that may or will be encountered in actual flight opera- 
tion. The most significant contributions relate to the design of the injector, 
chamber, and acoustic cavity, and to operation of the engine. 

A. INJECTOR 

Cycle Life - Cycle life of 1500 cycles was twice demonstrated 
in subscale testing. 

2. Hydraul ics - Hydraulic design of the full scale injector was 
developed and demonstrated. 

3. Fabrication Sequence - A low cost fab sequence was devised 
and shown to be satisfactory. 

4. Rework Capability - Successful refacing of injector bodies was 
accomplished, allowing pattern changes to be made at low Cost and with minimum 
delay. 


B. CHAMBER 

1. Fabrication Technique - The techniques for fabricating the 
el actroformed jacket./mil led slot chamber were shown to be satisfactory. 

2. Heat Transfer Evaluations - Heat flux, wall temperature, and 
coolant bulk temperature rise data acquired in full scale tests expedited the 
analytical thermal design of the OMS chamber. 
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VI, B, Chamber (cont.) 


3. Cycle Life - Acceptable cycle life capability for the QMS chamber 
could be shown on the basis of these data. 

C. ACOUSTIC CAVITY 

1. Design - The OMS will use the dual tuned acoustic cavity, with 
essentially the same area, tune, and inlet geometry as developed in the OME program. 

2. Stability Margin - The stability margin of this configuration 
was fully evaluated. 


3. Critical Factors - Critical factors in the design, fabrication 
and instrumentation of acoustic cavities were identified. 

4. Operating Point Sensitivity - The influence of chamber pressure, 
mixture ratio, and propellant temperature on cavity tune were investigated. 

D. ENGINE OPERATION 

1. Helium Saturation - The effect of helium saturation of the 
nrooellants on engine transients and performance was fully analyzed. 

2. Helium Bubble Ingestion - Ingestion of large helium bubbles into 
each propellant circuit was examined. 

3. Operating Point Sensitivity - The influence of chamber pressure, 
mixture ratio, and propellant temoerature on performance, heat transfer, and engine 
transient behavior was evaluated. 

4. Chugging - The threshold chamber pressure for chugging was 

established. 
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VI, D, Engine Operation (cont.) 


5. Propellant Lead - Propellant lead effects were Investigated. 

6. Film Cooling - The need for and effect of film cooling was 

determined. 

7. Engine Transients - Start and shutdown transients of the engine 
have been characterized. 

8. Engine Restart - Restart of hot and cold engines, purged and un- 
purged, with hot and cold propellants, has been Investigated. 

9. Propellant Evacuation - Postfire propellant evacuation wa', assessed 
for a range of engine and propellant temperatures. 

10. Postfire Heat Soakback - Postfire heat soakback characteristics 
and maximum coast temperatures have been determined. 

11. Purge - Purge effectiveness for a variety of purge parameters 
was evaluated. 

12. Compliance with QMS Specification - Exceot for minor deviations 
compliance with the CMS design specification has been demonstrated. 

13. Future Testing - Areas that require additional test evaluation, 
Including high temoerature propellants, purge effectiveness, and reduced cell 
pressures, have been Identified. 
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VII. UNIELEMENT PROGRAM 

A. INTRODUCTION 

This section discusses the unielement testing, Task I, which 
preceded subscale and full scale hardware development. Unielements are the 
fundamental injection pattern unit of typical ly one oxidizer and one fuel 
orifice. The function of the unielement tests was to provide a simple means 
of determining hydraulic, spray, and mixing characteristics using water and 
propellant simulants in cold flow tests, and in hot fire performance tests 
to define pattern sensitivity to mixture ratio and propellant temperature. 
Several types of tests were conducted: (1) spray tests with water allowing 

visual observations of both injectants, separately and together; (2) mixing 
tests with inwiscible simulants to enable mapping of mixture ratio and mass 
flux profiles: (3) hot fire tests in uncooled chamber to determine perform- 
ance, pattern sensitivity, face and wall compatibility. Thirty-nine variations 
of six basic injector patterns were tested to some degree in the unielement 
series. These will be described in detail, as will the test results, and the 
conclusions drawn in this phase of the program. 

B. UNIELEMENT DESIGN 

Figure 1 shows a unielement injector which is 0.650 in. dia and 
0.150 in. thick. The entire injector is made of platelets and incorporates the 
manifold as well as the elements in the platelet stack. The three basic 
patterns originally tested were the X-doublet, uni ike-doublet, and splash plate, 
which are shown ;.-i Figures 2, 3, and 4/ respectively. These configurations 
were chosen on the basis of a survey of patterns applicable to the platelet 
concept and represent three different atomization mechanisms. The X-doublet 
impinged two directly aligned like-propellant streams within the face and 
injected the resulting fans parallel and offset from each other (like-propellant 
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Figure 3. Unlike 90° Doublet Element 
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VII, B, Unielement Design (cont.) 

momentum exchange atomization). The uni ike-doublet impinged the fuel on the 
oxidizer; the oxidizer was injected normal to the face and the fuel was normal 
to the oxidizer, i.e., parallel to the face (unlike momentum exchange atomiza- 
tion). The splash plate involved mechanical atomization of the two propellants 
by means of direct impingement on the lip of the injection cup and subsequent 
impingement of the resulting unlike propellant fans. 

Following tests with the original configurations, several va»'iations 
to the original patterns were added and a fourth configuration, a like-doublet, 
also included; Figure 5 shows the basic like-doublet, which consists of two 
impinging like-doublet fans, impinging at right angles. 

Subsequently, the investigation of various patterns was renewed, 
with the emphasis on suitability for platelet fabrication technioues, increased 
passage size, avoidance of passages over ring channel lands, prevention of 
propellant splashing into the opposite propellant orifice, etc., in addition to 
the usual considerations of performance, stability, and compatibility. Six 
conceptual designs were completed and two of them fabricated and spray tested. 
These two were the V-doublet and vortex patterns, shown respectively on 
Figures 6 and 7, of which several dimensional variations existed. The V-doublet 
produced like-impinging fuel and oxidizer doublet fans which were canted toward 
each other. The vortex elements had either one or two inlets to each vortex cup 
and had a variety of exit area cross-sections. 

Thus there were six basic orifice configurations tested with each 
pattern having several variations. These are summarized on Table I, which aives 
pertinent geometrical information for all of the variations. 
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TABLE I 

SUMMARY OF UNtlLEMENT PATTERNS TESTED 


1. X-Ooubitt 


a. Offset Fans 


XD*2 

XD*-2 

XO-4 

XD-01 

XD-02 

b. In-Line Fans 

XDI-1 

XDI-2 

IK Uni Ike- Doublet 


UD-1 

UD-2 

UO-3 

III. Splash Plate 


SP-1 

SP-2 (relieved) 

LSP-1 

LSP-2 (relieved .015) 
4SP (four elements) 



Orifice Size 

Slot Size 

Offset 

Fuel 

^Oxidizer 

Fuel 

"TTxIdlzer 

.000 

.020X.020 

.024X.024 

•020X.080 

.024X.096 

.020 

.020X.020 

.024X.024 

•020X.080 

.024X.096 

.040 

.020X.020 

.024X.024 

.020X.080 

.024X.096 

.000 

.OCOx.020 

•024X.024 

.020X.060 

.024X.060 

.000 

.020X.020 

.020X.024 

.020X.060 

.020X.060 


- 

-020X.020 

.024X.024 

.OZOx.OdO 

.020X.080 

** 

.020X.020 

.020X.024 

.020X.080 

.024X.080 


Oxidizer Orifice 

Fuel Orifice 



.029X.024 


.020X.020 



.031X.022 


•020X.020 



.026X.024 


.020X.020 



Orifice Diameter 




Fuel 

Oxidizer 




.020 

.024 




.020 

.024 




.025 

.030 




.025 

.030 




IV. 


V. 


Like- Doublet 








tup Size 





Fuel 

Oxidizer 



LD-B 


.049X.100 

.OSSx.lOO 



LD-FD 


.059X.100 

.OSSx.lOO 



LD-FWD 


.059X.120 

.OSSx.lOO 



LO-FOWO 


.059X.129 

.oesx.120 



V-Ooublet 








Inlet 

Outlet 


Included Angle 

Fuel 

Oxidizer 

Fuel 

Oxidizer 

VOT-1 

60 

.020X.020 

.024X.024 

.020X.020 

.024X.024 

VOT-2 

60 

.024X.020 

.024X.024 

.020X.020 

.024X.024 

VOT-3 

60 

.020X.020 

.024X.024 

.0226 dia 

.0271 dia 

VOT-4 

60 

.024X.020 

.024X.024 

.0226 dia 

.0271 dia 

VDT-5 

90 

.020X.020 

.024X.024 

.020X.020 

.024X.024 

VDT-6 

90 

.024X.020 

.024X.024 

.020X.020 

.024X.024 

VDT-7 

90 

.020X.020 

.024X.024 

.0226 dia 

.0271 dia 

VOT-8 

90 

.024X.020 

.024X.024 

.0226 dia 

.0271 dia 


Exit Confiq 

Cl rcular 

Cl rcular 

Circular 

Circular 

Elliptical 

Rectangular 

Elllotical 

Rectangular 

Triangular 

Cross-Shaped 

Triangular 

Cross^Shaped 



# of 

Cup 

Diameter 

Exit Diameter 

Inlets 

FUel 

Oxidizer 

Fuel 

iSidIzer 

1 

.120 

.100 

.029 die 

.033 dia 

2 

.120 

.100 

.027 dia 

.030 dia 

1 

.140 

.120 

.030 dia 

.034 dia 

2 

.140 

.120 

.028 dia 

.031 dia 

1 




.0204X.0408 

.0234X.0466 

1 




.020X.0287 

.02DX.0354 

2 




.0204X.0408 

.0234X.0466 

2 




.020X.0287 

.020X.0354 

1 




.0108bx.0093h 

.0131bx.0113h 

1 




.012 

.012 

2 




-0106bx.0093h 

.0131bx.0113h 

2 




.012 

.012 
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VI. Vortex 


VTX-A 

VTX-B 

VTX-C,Ca 

VTX-D.Da 

VTX-E 

VTX-F 

VTX-G 


VTX-H 




i 
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VII, Unielement Testing (cont.) 

C. SPRAY TESTS 

V 

1 

:si 

Spray tests using filtered water as a propellant simulant were 
conducted to allow visual observation of the injector spray and atomization . 

characteristics. Element pressure drop correlations were simultaneously developed. 
Backlighting enabled Polaroid photographs to be made of the spray patterns, and 
Figures 8 and 9 show typical results for some of the first patterns tested. The 
propellant circuits were flowed separately and then together in these tests. 

The spray tests were an inexpensive means of determining drool et 
size distribution and dispersion, and in conjunction with the mixing tests 
described below, permitted an estimation of performance and compatibility under 
hot-fire conditions. The X-doublet, for instance, was observed to give excellent 
atomization, with well defined and predictable spray; however, the spray width 
was found to be minimum for good unlike propellant mixing. Neither the uni ike- 
doublet nor the splash plate offered comparable atomization, although the unlike- 
joublet showed excellent stream alignment and the splash plate a uniform spray 
field. The like-doublet patterns typically produced a fan similar to the splash 
plate, possibly with superior atomization. The vortex element produced a 
conical spray which showed excellent atomization. 

D. MIXING TESTS 

Mixing tests were performed on th“ Advanced Injector Distribution (AID) 
cold flow measurement facility, more commonly called the "milk maid". Figure 10 
shows a photograph of the apparatus which involves a collector head placed below 
the injector face and numerous tubes leading to collector bottles. The tests 
were conducted using water as a fuel simulant (specific gravity of 1.00 versus 
0.79 at the nominal fuel injection temperature) and Freon as the oxidizer simulant 
(specific gravity of 1.58 versus 1.44 at the nominal point). This favorable 
density ratio allows the proper momentum ratio to be duplicated. Four unielement 
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VII, 0, Mixing Tests (cont.) 

injectors were tested at one time with the collector head located 0.75 in. 
away on all tests. The head was divided into four quadrants by separator 
plates, and care was taken to ensure that no liquid struck the separators. 

The resulting spray grid on each injector was thus a square 1.8 in. on a side. 

Based on test measurements, maps of mixture ratio, fuel and oxidizer 
mass flux, and total mass flux were generated by computer. Figures 11 through 21 
show such plots for variations on the X-doublet, in-line X-doublet, uni ike-doublet, 
splash plate, and like-doublet patterns. For the X-doublets, Figures, 11, 12 
and 13, the XO-2 configuration appears to have the most condensed spray pattern 
with both propellants concentrated into single lobes. These results may be mis- 
leading in that flow to the XD-2 was somewhat intermittent and the injector would 
not otherwise be expected to differ so markedly from the XD-0 and XD-4. However, 
the mixing efficiency is clearly degraded by increasing the amount of offset 
between orifices; the effect is simply due to increasing the separation between 
propellant fans. Figures 14 and 15 show the mixture ratio and mass flux maps 
for the in-line doublets. For these two elements, the propellants are more-or- 
less concentrated under their respective orifices with the oxidizer tending to 
surround the fuel fan. The tendency is increased when the oxidizer slot is 
larger than the fuel slot. 

Uni ike-doublet test results are given in Figures 16, 17, and 18. The 
uni ike-doublets produced relatively uniform fuel dispersion but rather converged 
oxidizer flow such that the mass flux and mixture ratio profiles are both 
centered around the orifice area. The splash plate design. Figure 19, yields 
relatively uniform mass fluxes and a mixture ratio profile that leans in the 
direction of high values in the direction of oxidizer flow beyond the fuel 
orifice. This spray- through characteristic would be checked out on hot test to 
see if combustion would inhibit this condition. Finally, the like-doublet results 
given in Figures 20 and 21 show a wide dispersal of both injectants, again with 
the oxidizer penetrating through the fuel and causing high mixture ratio zones 
beyond the fuel orifice. 
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VII, D, Mixing Tests (cont.) 


It should be pointed out that the orifices drawn on the above 
figures are not to scale, nor accurately located. Also, the explanation fot 
nonsymmetrlcal profiles from symmetrical orifice configurations is not obvious; 
presumably, the effect of tolerance differences take on great significance when 
compared to nominal passage sizes, but also quirks in the test set-up and data 
reduction techniques may Induce a large part of the nonsymmetrlcal results obtained. 

In conjunction with the above test3, the mixing efficiency, Rupe 
number, and collection area were determined as follows: 


-- 

Element 

Collection 
Mixture Ratio 

Mi x1 ng 
Efficiency 

Rupe 

Number 

% Area 
Collection 


XD-0 

1.08 

50.1 

0.70 

54.7 


XD-2 

2.10 

44.0 

0.38 

M/A 


XD-4 

1.31 

35.0 

0.62 

47.5 

« « 

XDI-1 

N/A 

43.6 

N/A 

M/A 


XDI-2 

N/A 

57.4 

N/A 

N/A 

-- 

UD-1 

1.06 

61.9 

0.71 

42.2 


UD-2 

1.72 

72.9 

0.48 

37.1 


UD-3 

1.65 

54.6 

0.50 

47.2 

— 

SP-1 

0.98 

59.1 

0.74 

79.6 

! 

LD-B 

N/A 

58.0 

N/A 

N/A 


LO-FWD 

N/A 

61.2 

N/A 

N/A 


Mixing efficiency, ^m, Is defined by the equation: 
r RO/n,. - (0/F)l Ro/F 


'■ f(0/F). - (O/F)] R 

^ ■ pj 1 no7n7‘ " ;• T 

c J L j J ' L 


(0/F) - (0/F). 
(^/F) fl + (0/F': 


where X is the mass fraction in each collection tube, (C/F) is the nominal 
mixture ratio, and the subscript i and j refer to the samples below and above 
the nominal mixture ratio, respectively. Mixing efficiency is thus a measure 
of the welght-sunmed deviation from uniform mixture ratio condition. 
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VII, D, Mixing Tests (cont.) 



The Rupe Number, Rn, is defined as: 



where p is the density, d the orifice diameter, and the subscripts o and f denote 
the oxidizer and fuel respectively. It is a measure of relative momentum and 
area effects for impinging propellant streams. The mixing efficiency and Rupe 
Numbo'^ were developed^ to express the correlation between propellant mixing and 
pertinent injection parameters. The last term in the table, the "% Area Collected" 
is the ratio of collector tubes containing fluid to total collector tubes and is 
a measure of propellant dispersion. 



i 

n 

* I 


I- 


Although the uni element "milk maid" testing approach cannot account 
for interelement mixing and various combustion effects, it has proven a useful 
tool in optimizing injector element design. It is alriiost axiomatic that a well 
designed single element c. i only perform better under hot fire conditions in 
conjunction with other elements. 


E. HOT FIRE TESTS 

Eight-eight hot firings were conducted with the unielements, using 
both 2 in. and 4 in. long chambers. Figure 22 shows the cfiambers used in these 
Tests and Table II summarizes test conditions and pertinent results. The 
following injector patterns were tested: XD-0 and -2, XDI-1 and -2, SP-1 and -2, 

LSP-2 and 4SP, UD-1 and -2, and LD-B. Figures 23 and 24 show the energy release 
efficiency (ERE) as a function of mixture ratio for the various patterns tested. 
In general, the patterns are not mixture ratio sensitive; the sjash plate, like- 



^Rupe, J. H., A Correlation Between the Dynamic Properties of a Pair of Impinging 
Streams and the Uniformity of Mixture Ratio Distribution in the Resulting Spray, 
Program Report No. 20-209, Jet Propulsion Lab., 28 March 1956 
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VII, E, Hot Fire Tests (cont.) 

doublet, and un1ike*doub1et configuration tend to be higher performing than the 
X-doublets. Figures 25 and 26 show ERE as a function of fuel temperature; 
typically, very little sensitivity to fuel temperature is evident. Likewise, 
little sensitivity to Rupe Number, velocity ratio or momentum ratio has been 
determined. Thus, in general, all of the elements appear suitable from the 
standpoint of insensitivity to operating point condition over the expected 
range of OMS applicaoility. 

Both injector face temperatures and chamber gas-side wall temperatures 
were measured in the uni element testing. Figure 27 shows face temperatures as a 
function of mixture ratio, and Figure 28 as a function of fuel temperature, for 
the basic patterns tested. Two conclusions are readily apparent: (1) the face 

temperature is relatively insensitive to mixture ratio or fuel temperature; and 
(2) the splash plate operates at a much higher temperature than the other con- 
figurations. Typically, it registered 800 to 1000°F while the others were 
in the range of 200 to 400*F. It must be recognized, of course, that these 
figures are based on one or two thermocouple responses which may not be indicative 
of the entire face temperature. 

Chamber gas-side wall temperatures were measured at six locations 
axially and circumferentially. Results for the X-doublet pattern are shown on 
Figure 29. Typically, the responses trend toward the propellant saturation 
temperatures in the section upstream of the throat, while in the throat they 
indicate the effects of combustion. The following figure, 30, gives e measure 
of the average heat flux and the circumferential non-uniformities associated with 
the basic patterns. In general, the uni ike-doublet shows the highest flux in 
the throat while the X-doublet shows the greatest circumferential variation. 

These results imply that uni ike-doublet and splash plate patterns will cause 
higher heat fluxes in the forward part of the full scale hardware than the X- 
doublet, but it is not correct to infer that the X-doublet will be more of a 
streaker under full scale conditions; such non-uniformities will be washed out 
in a multi-element environment. 




Figure 25. Energy Release Efficiency vs Fuel Temperature 



Figure 26. Energy Release Efficiency vs Fuel Temperature 
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Figure 27. Unielement Face Temperature Characteristics 






TYPICAL THERMAL DATA INJECTOR XD 2-B TEST 107 
P = T!S PSIA, MR * 1.66 



Figure 29. Unielement Hot Fire Testing 
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TEMPERATURES TAKEN AFTER 2.9 SEC OF FIRING 
Figure 30. Unielement Hot Fire Testing 
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VII, E, Hot Fire Tests (cont.) 

A special compatibility test was conducted to evaluate the SP 
spray-through characteristic. This test was accomplished by copper plating 
the chamber and hot testing to determine the portion of the chamber which was 
oxidized and reduced. The cold flow observation of spray- through was not 
verified. 


Postfire examination of the unielements showed that all were reuseable 
except for the uni ike-doublet, UD-2, v/hich underwent some distortion of the 
oxidizer orifice during pulse testing; apparently, fuel dribbled into the orifice 
region between pulses and exploded to cause the damage. Also, the splash plate 
SP-IB showed two heat marks on eiiv i side o: the element, confirming the high 
face temperatures that were measured. 

F. CONCLUSIONS 

As a result of the initial unielement testing, the splash plate 
pattern SP-2 w?s chosen as the primary candidate for subscale test evaluation. 

The bases for its selection were high performance, excellent compatibility, and 
insensitivity to operating point and propellart temperature. The X-doublet, 

XD-0, (later defined XDT, tangent fans) was chosen as a backup configuration, 
in part because of its exellent atomization and need for multi-element mixing 
to achieve desired level of performance. The uni ike-doublets, although high 
performing, were not considered suitable; further developme^'t work to eliminate 
orifice distortion was considered necessary. 

In general, the unielement test program met all of its objectives 
and proved to be »n excellent method of screening candidate patterns. It 
provided a simple and inexpensive means of determining optimum orifice geometry 
and gave some indication of chamber wall compatibility as well. 
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VIII. SUBSCALE PROGRAM 

A. OBJECTIVE AND APPROACH 

The subscale program was identified as Task II of the program and 
Initiated to evaluate the varicMi platelet element arrays available from the uni- 
element program. The injector size was chosen such that the first tangential 
frequency duplicated the single pocket mode of a full scale five bladed baffle 
OMS injector. The thrust magnitude had to be sufficiently large to allow accurate 
extrapolation of performance and heat transfer data. The resulting thrust was 
selected at 600 Ib^. The basic approach was to design the injector manifolding 
and ring channels to be identical to the central portion of the full scale unit. 
The injector body also had the requirement of possessing adequate structural in- 
tegrity to permit bonding of the injector face on a completed injector manifold. 
This potential rework feature would permit several injector patterns to be evalu- 
ated using a minimum of injector bodies. 

The program consisted of four parts: design analysis, cold flow 

investigations, hot test evaluation and cycle life demonstration. Each of 
these activities are described in the following sections. 

The program was initiated in December 1972 and completed in 
September of 1973. 

B. DESIGN 

1. Design Point 

The subscale hardware was designed oer the design point 
specification shwn in Table III. The thruot level was chosen consistent with a 
size which would acoustically simulate the five bladed baffled pocket mode of 
a full scale design. Mixtur”? ratio was identical to full scale at 1.65. The 
necessary film coolant fraction was predicted at 12% of the fuel, thus shifting 
the core mixture ratio to 1.875. Flow rate was established consistent with a 
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TABLE III 

SUBSCALE DESIGN POINT 
OME PLATELET INJECTOR DESIGN POINT 


0 

0 



= 125 psia 

«Va 

= 1.65 

FFC 

= 12% 

HR .. 

= 1.875 

core 


•s 

=315 sec 


Injector 

SP-2 

XD-0 

XOI 

F/E 

5.609 

6.889 

6.889 

*^0 

0.011625 

0.01425 

0.01425 

U 

0.0062 

0.0076 

0.0076 

CDo 

0.77 

0.655 

0.655 

^Df 

0.o9 

0.700 

0.700 

aP 0 

30.3 

35.0 

35.0 


30.0 

30 0 

30.0 

Oxidizer orifice, in. 

0.024 

0.024 X 

0.024 0.024 X 0.024 

Fuel orifice, in. 

0.020 

0.020 X 

0.020 0.020 X 0.020 

Number @ 600 lb 

107 

87 

37 

Number @ 6000 lb 

1070 

870 

870 
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VIII, B, Design (cont.) 

315 second vacuum specific impulse prediction for OMS. The injector pressure 
drop was chosen at 35 psid maximum with a goal of 30 psid if a satisfactory 
element array could be obtained. The thruster design sunmary is given in 
Table IV. 


2. Pattern Design 

Using the results of the spray and mixing tescs from the uni- 
element program. Section VII, the subscale patterns were formulated. 

The resulting patterns are shown in Figures 31, 32, and 33 
for the splash plate, X-doublet and uni ike-doublet designs. All patterns 
utilize a cant angle (element center line rotated off a radial line from the 
injector center) which maximizes the spray overlap and maintains a reducing 
atmosphere along the chamber wall. The optimum angles were 25 degrees for the 
splash plate, 30 for the X-doublet and 45 for the uni ike-doublet. All designs 
were presented for NASA approval with the solash plate (SP) and the X-doublet 
(XD) designs accepted for fabrication. The selected versions of the designs 
were XD with tangential fans (XDT), with inline fans (XDI), a normal splash 
plate (SPl) and relieved splash plate (SP2). *n addition, two other pattern 
designs were selecteo. The XDT2 pattern was produced to evaluate interelement 
mixing and the effect of the modified cant angle on wall compatibility. The 
last pattern, a mixed element (ME 1), was produced by merging the very 
compatible XDI elements with the higher performing splash plate (SP2) design 
to evaluate if the attractive benefits of each element could be realized with 
a 60/40 mixture, i.e., 60% X-doublet and 40% splash plate elements. This combi- 
nation design was accomplished by a simple merging of portions of each artwork. 

3. Injector Design 

A six channel concentric ring injector manifold design with a 
single inlet for each circuit was produced as shown in Figure 34. Land widths 


If 
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TABLE IV 

OME PLATELET INJECTOR 
SUBSCALE THRUSTER 

DESIGN SUMMARY 


Thrust (vacuum), Ibf 

600 

Chamber pressure, psia 

125 

Oxidizer 

¥4 

Fuel 

MMH 

Area ratio (vacuum) 

40 

Area ratio (sea level) 

2.0 

Nozzle 

15° cone 

Contraction ratio 

2.05 

Chamber length, in. 

4.0 

Mixture ratio 

1.65 

2 

Throat area, in. 

2.78 

Chamber diameter, in. 

2.70 

Throat diameter, in. 

1.882 

Oxidizer flow, Ibm/sec 

1.245 

Fuel flow, Ibm/sec 

0.755 

Oxidizer pressure drop, psid 

35 

Fuel pressure drop, psid 

35 

Injector elements, number 
Acoustic cavities 

99: X-Doublet 
124: Splash Plate 
78: Unlike Doublet 

Partitions 

12 

Width, in. 

0.150 

Depth, in. 

0.600 

L* section length, in. 
Film coolant ring 

3.0 

Weight flow (30?J), Ibm/sec 

0.226 

Orifice Diameter, in. 
Chamber 

0.024 

Bomb port, grains 

2.0 

Photocon high frequency 

307 
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Figure 31. Preliminary Subscale Layout - Splash Plate 
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Figure 33. Preliminary Subscale Layout - Unlike Doublet 
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VIII, 6, Design (cont.) 

between propellant channels were established at .1 in. and the fluid passages 
.150 in. width. Channel depths were consistent with 15 fps channel velocity 
and constant over the entire circumference. The channels were eclipsed by a 
single circular inlet manifold with low velocity drop-through slots. The 
channels did not provide acoustic ring dams. The body was completely manufactured 
from 304L stainless steel and was machined using electrical discharge machining 
(EDM) processes. Manifold face covers were welded usinq electron beam techniques. 

The platelet injector face asserrtly consisted of five photo- 
etched plates which developed the particular injector face pattern. Two alignment 
tabs on four positioning tabs were included to insure proper plate-to-plate and 
face-to-manifold orientation. All platelets were made of 304L material and 
diffusion bonded as an assembly. The face assembly was then bonded to the mani- 
fold on a separate run. The assembly following bonding is shown in Figure 35. 
Provisions for four face thermocouples were also included. The SP and XD 
injector faces are shown in Figures 36 aid 37. 

4. Thruster Design 


An exploded view of the complete subscale assembly is shown in 
Figure 38. Shown from left to right are the injector, resonator ring, L* 
section and chamber. 

The acoustic cavity consisted of a .150 in. width annular 
slot, .6 in. deep, located next to the injector face. The annulus was sectioned 
by 12 radial partitions. The acoustic cavity was sized to be 22 a of the injector 
face area. This part, which sandwiches between the injector and chamber, is 
shown in Figure 39. Provisions were made in the injector body to record high 
frequency pressure responses in one cavity compartment with a Kistler 601A trans- 
ducer. Provisions for cavity temperature measurements were also included. 




Splash Plate [njector 













qure 39. Subscale 
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VIII, B, Design (cont.) 

The combustion chamber was 4 in. in length and flanged at both 
ends as shown in Figure 40. The aft flange enabled a pressure test plate to be 
installed for system leak checks. Two axial rows of thermocouples were included 
to determine wall heat fluxes. These thermocouples were mounted flush with the 
inner wall and brazed in place. Also included were two 1/4 in. AN low frequency 
pressure ports for chamber wall pressure measurements. 

A heavy-weight L* section of 3 in. axial length was also fabri- 
cated and is pictured in Figure 41. Two axial rows of thermocouples were 
included together with two photocon 307 high frequency transducer ports. A 
2.0 grain bomb port was located in the L* section. 

The film coolant ring, Figure 42, could be installed between 
the resonator and L* section. Up to 30% of the fuel flow was injected through 
this ring of thirty-six 0.024 orifices. Each orifice was tangentially directed 
to produce a swirl spray to improve coverage. The ring was fed separately from 
a special valved supply. 

C. COLD FLOW 

All subscale hardware was fully characterized with cold flow evalu- 
ations. Initially, each injector was water-flowed for visual pattern check. 

Following spray evaluations, each injector and the film coolant 
ring were hydraulically characterized ever a range of water flow rates to 
calibrate the pressure drop of the entire assembly. Mixing evaluation of the 
splash plate and X-doublet injectors were performed using the Advanced Injector 
Distribution (AID) cold flow apparatus. This unit collects the injector effluent 
from immiscible simulants flowing into a 728 tube collector head. The mixture 
ratio profiles of both injectors as determined from this flow data are shown in 
Figures 43 and 44. 
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Finu'e 42. Subscale Film Coolant Ring 
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Figure 43. Subscale Splash Plate Mixture Ratio Distribution 
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VIII, C, Cold Flow (cont.) 

The XDT mixing data show an overriding influence of the injector 
ring channels. This is undesirable from a mixing efficiency point of view, 
giving a calculated mixing efficiency of only 63%, or a mixture ratio distribution 
performance loss of 16.7%. A heavy outer fuel-rich zonr' is also produced, which 
is excellent for chamber wall compatibility. The splash plate design, on the 
other hand, corrects the ring channel influence by directing the propellant 
across the channel lands providing a much higher mixing efficiency of 87% and 
a corresponding mixture ratio distribution loss of only 7.8%. Again, a fuel-rich 
outer boundary is produced, indicating excellent compatibility. 

D. HOT TESTING 

The subscale hardware was evaluated with a hot fire test program 
conducted in ALRC's Physics Laboratory on Test Stand A-2. The program encompassed 
87 tests using six injectors and four chambers with both ambient and heated fuel. 

A summary of the variations tested is given in Table V. Propellants used 
were nitrogen tetroxide and monomethyl hydrazine. This section provides a 
description of the test facility and the test program. Interpretation v/f the 
significant results is presented in Section E which follows. 

1 . Test Facility 

All subscale testing was performed in the ALRC's Research 
Physics Laboratory on Test Stand A-2. The facility delivers NTO and MMH through 
positive displacement flowmeters to insure accurate flow measurements. A single 
axis, dual bridge load cell was aligned in a single plane through the thrust axis. 
The thrust measurement system also provided on-line load calibration to accurately 
determine thrust bias. Flow into the thruster was controlled by a linked bi- 
propellant valve assembly mounted on the injector backside. 
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TABLE V 

SUBSCALE TEST SUMMARY 


Injectors 

Splash Plate (SP 
"X" Doublet (XO) 

Mixed Element 

Cold Flow Tests 

Pattern 
Hydraul i c 

Propellant Distribution 

Hot Tests 

Total Number 
Ambient Propellants 
Heated Fuel 
Film Cooled 
Bombed 

Splash Plate Injector 
SPl 
SP2 

X-Doublet Injector 
XDTl 
XDT2 
XDI 

Mixed Element Injector 
ME 

Chamber Length, in. 

4 

6 

7 

10 

12 

Test Range 

Chamber Pressure, psia 
Mixture Ratio, 0/F 
Oxidizer Temperature, °F 
Fuel Temperature, °F 
Duration, sec 

Posttest Hardware Condition 

Injector Overheat 
Chamber Overheat 
Injector Plugging 
Resonator Partition 


2 Versions 

3 Versions 
1 Version 


6 

6 

2 


87 

25 

62 

10 

55 

14 

27 

25 

6 

4 

11 

14 

8 

53 

11 

1 


101-156 
1 . 6 - 2. 4 
50-65 
50-235 
1-6 


None 

None 

None 

Slight Tip Erosion 


Page 95 



Report 13133-F-l 


VIII, D, Hot Testing (cont.) 

Propellant conditioning to 235 degrees Fahrenheit was supplied 
for the MMH fuel circuit to simulate regeneratively heated fuel outlet temper- 
atures for a prototype OMS engine. Heating was accomplished by means of a simple 
heat exchanger. 


Stability evaluation was provided for all testing using 2.0 grain 
RDX, teflon covered tangentially oriented bombs placed 1.5 in. downstream of the 
injector face. High frequency measurements were made with an uncooled Kistler 
transducer mounted in the acoustic cavity and with water-cooled Photocon 
transducers located in the chamber. An on-line playback system enabled complete 
evaluation of the high frequency data following testing. 

2. Test Program 

The test program encompassed a wide range of operating 
conditions and numerous variations in hardware configuration. A test log 
describing these variables is included in Table V. 

The test program consisted of four major series and is 

summarized below. 


a. Series I - Basic Injector Evaluation 

Two basic injection elements were tested in this program, 
the X-Doublet and the splash plate designs. Pattern nomenclature is defined 
by the following acro.iyms: 


X-doublet 


X-doublet 



XDTl 



version 1 


tangei;^ fans 
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III.D, Hot Testing (cont.) 


Splash plates 
SPV 


splash pla 


^version 1 
:e element 


Series I consisted of thirty-six tests and evaluated the XDTl 
and SPl elements over a range of chamber length from 4 to 10 in., over a range 
of mixture ratio from 1.6 to 2.2, and over a range of chamber pressure from 
100 to 150 psia. Tests were conducted with ambient and heated fuel, with and 
without film cooling, with and without acoustic cavities, and with and without 
stability bombs. 


This activity focused on obtaining an understanding of the 
performance, compatibility, heat transfer, stability and injector operating 
point sensitivity. 

b. Series II - Modified Element Evaluation 

Following testing of the two basic element designs, the program 
proceeded to evaluate modifications to these designs with a 37 test program. 

The performance for SPl was lower than expected based on unielement data. This 
initiated a review of the SPl design which revealed flow interference between 
the spray and the injector face. A relieving of the platelet stack beneath the 
fan produced an element designated as the SP2 version. In an effort to improve 
the performance of the XD family of elements, a design with inline fans rather 
than tangent fans was produced and denoted as XDI. The basic XDTl element 
matrix was also modified to enhance wall compatibility and was identified as 
XDT2. 
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III,0, Hot Testing (cont.) 

c. Series III - Mixed Element Evaluations 

A mixed element injector was developed combining the 
desirable characteristics of both designs. This design, designated MEl , was 
tested 11 times over a range of chamber length, chamb^'r pressure and mixture 
ratio. The testing also included bomb tests in which the acoustic cavity was 
removed, to evaluate basic injector stability characteristics. 

d. Series IV - Chamber Length Optimization 

Following evaluation of the test data, the XDTl pattern 
was selected for the full scale design. Stability and compatibility were 
excellent, with a slight compromise on performance. In order to achieve 
maximum performance, the chamber length was extended to 12 inches, a length 
consistent with the full scale regenerative chamber. Three tests were conducted 
with the 12 inch chamber without incident, thus completing the subscale test 
activity. 


e. Series V - Cycle Life Testing 

During the full scale test program, the subscale program 
was reactivated to explore the cycle life capability of the bonded joint between 
the platelet face stack and the injector body. To assess the cycle life capability, 
two injectors were each subjected to 1500 complete thermal cycles. A single 
cycle consisted of a one second burn followed by a six second coast. The first 
injector tested was the mixed element injector. No deterioration of the bonded 
joint was experienced. The second injector, XOTl , was fabricated with a back-up 
electron beam weld on each land, providing a redundant metallurgical joint con- 
sistent with the potential OMS baseline approach. Again, 1500 full thermal cycles 
were completed without incident or bond joint damage. Hairline cracks were noted 
in the orifice region of the XDTl injector, however. These are attributed to 
structural fatigue of the top platelet; structural and metallurgical evaluation 
indicated that the condition could be corrected by increasing the top plate thick- 
ness or by adding an additional face plate. The latter approach was selected for 
subsequent designs. 
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VIII, Subscale Testing (cont.) 

E. RESULTS 

The following sections describe the pertinent results obtained from 
the subscale program and are categorized by performance, compatibility, and 
stability. 


1 . Performance 


All tests were evaluated to determine actual performance and 
to assess the potential performance of each design at the full scale level. 

In order to accomplish this task, the JANNAF- approved performance evaluation 
procedures described in Section x. Full Scale Performance, were employed. 


The energy release efficiencies of the various injectors 
tested were computed for a mixture ratio of 1.88, consistent with a film coolant 
fraction of 12%, and a chamber length of 7 in., the point where the majority of 
the testing was conducted. The following ranking of injectors in terms of 
performance was established: 


Energy Release Efficiency 


Injector Ambient Fuel 200°F Fuel 


SP2 

98.7 

99.5 

SPl 

96 

96.5 

MEl 

94 

97 

XDTl 

91.5 

93.0 

XDT2 

89 

92.6 

XDI 

89 

91.2 


Figure 45 shows the influence of chamber length on performance. 
The apparent low performance of the XDT injector can be increased to 98% by 
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VIIItE, Results (cont.) 

increasing the chamber length to 12 inches, comparable to the splash plate 
design operating at a 7 inch chamber length, as shown on Figure 46. 

The lower XDT performance is most likely the result of incomplete 
mixing and corresponding slow rate of propellant vaporization. This inefficiency 
in the mixing process can be most clearly seen in the cold flow mixing test 
data of Figure 44, which clearly portrays concentric rings of fuel and oxidizer. 

The mixed element injector delivered performance consistent 
with a 60% X-doublet and a 40% splash plate mixture. This result permits 
a great deal of flexibility in the design of a full scale injector in order to 
obtain the desired stability, performance or heat transfer characteristics. 

A number of injectors were tested with fuel film cooling. They 
all incurred a performance loss with film cooling as shown in Figure 47. These 
data are for the X-doublet injectors. Also presented on the figure is the 
performance accounting for both energy release and film coolant losses. About 
2% higher performance obtains with heated fuel. 

2. Compatibility 

Injector compatibility was assessed on the basis of injector 
face temperature measurements and inferred heat flux values on the chamber wall. 

a. Face Temperature 

Thermocouples inserted through the ring channel lands and 
mechanically joined to the platelet face were used to measure face temperatures. 
Four thermocouples were installed in a radial line on each injector face with 







Figure 46, Subscale Injector X-Ooublet Performance 
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Figure 47. Film Cooled Chamber Performance Data 
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VIII, E, Results (cont.) j 


one thermocouple per land. Figure 48 shows the face temperatures measured on 
the splash plate Injector. The spread in measured temperatures, from 300 to 
900°F, is a result of thermocouple placement with respect to the injection 
element. The 900®F temperatures occurred midway between and in line with the ox 
and fuel splash plates (T3), when testing at elevated fuel temperatures. The 
300®F temperatures occur off to the side of the elements and indicate some spray 
splashback cooling of the face. 



The X-doublet injector data are given in Figure 49. 

The face temperatures range from 400 to 700°F and appear insensitive to high fuel 
inlet temperature. 

b. Chamber Heat Flux 

The chamber heat flux was determined from measured gas- 
side temperature responses. A comparison of the calculated fluxes without film 
cooling for all injectors is presented in Figure 50. From this figure, it is 
apparent that the SP and XDT injectors exhibit entirely different forward end 
flux profiles. The X-doublet family has a very low flux section 1.6 in. long 
in which very little combustion occurs. The splash plate injectors, on the other 
hand, show a relatively high flux at the forward end. Both the XDT and SP 
injectors exhibit comparable fluxes at lengths of 6 in. and beyond. 

Heat flux data with film cooling are presented in Figure 51. 
Again, the X-doublet injectors show improved compatibility relative to the 
splash plate. The maximum apparent liquid lengths with the splash plate are about 
1 inch; with the X-doublet liquid , lengths approaching 3 inches are readily 
obtained. 
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Figure 49. X-Doublet Injector Thermal Characteristics 
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Figure 50. Composite Plot of Platelet Injector Heat Flux Data 
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VIII»E» Results (cont.) 

3. Stability 

Stability tests were conducted on the subscale Injectors to 
obtain data on the sensitive frequencies of the different patterns and elements 
and also to enable ranking of the Injectors on the basis of stability. Data 
were obtained In 55 bomb tests both with and without quarter-wave acoustic 
cavities. The results are discussed by element type. 

a. X-Doublet Injectors 

Three types of X-doublet Injectors were evaluated for 
stability: XDTl , XDT2 and XDI. A tabulation of the stability results is 

presented in Table VI. The range of test variables was: 


Fuel temperature, ®F 60 - 230 
Chamber length, in. 4-12 

Cavity depth, in. 0 - 0.6 

Chamber Pressure, psia 100 - 150 

Mixture Ratio, 0/F 1.6 - 2.2 

Fuel Film Cooling, % 0-20 


This includes tests conducted without the quarter-wave cavities; such testing 
was done in 10 In. and 12 in. chambers. 

Variations to the basic X-doublet element, I.e., the 
XDI and XDT2 patterns, showed no difference in stability characteristics. 

Several tests on the X-doublet Injectors did produce low 
amplitude chug frequency instahilities. Chug amplitude was approximately 5% of 
P . Thes tests were generally at high mixture ratios, above 2.2, and at 
chamber lengths of 7 Inches or less. Two tests at these higher mixture ratios 
were conducted In a 10 in. chamber with no Incidence of chugging. 
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L'-4" XDT 
L'-7" XDT 

L'-7" XDI 
L'-7" XDT2 

L'-7" XDT 

L'»7" XDI 
L'-7" XDT2 

L'-IO" XDT 
^Planned 
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TABLE VI 


OME TRANSVERSE PLATELET 600 LBF TEST SUMMARY 
X - DOUBLET INJECTOR 


Test 

Pc, 

0/A 




No. 

£8ia 




Comments 


AMBIENT 

FUEL (TEMPERATURE == 

60’’F) 

-Ill 

125* 

1.9* 

57 Pc, 

550 Hz 


-112 

119 

1.75 

Stable 



-113 

124 

1.60 

Stable 



-114 

120 

2.5 

Stable 



-115 

128 

1.85 

5% Pc, 

550 Hz 


-116 

129 

2.52 

5% Pc, 

550 Hz 


-124 

124 

1.70 

+13.2% 

FFC, 1.96 

core MR 

-125 

125 

1.60 

+13.2% 

FFC, 1.85 

core, 5% I 

-126 

123 

1.63 

+19.1% 

FFC, 2.02 

core, 5% 1 

-149 

125 

1.70 

Stable 



-168 

128 

1.64 

5% Pc, 

550 Hz 



HOT FUEL (TEMPERATURE =230°F) 


-117 

127 

2.20 

5% Pc, 550 Hz 

-118 

133 

1.67 

Stable 

-121 

125 

2.20 

Stable 

-122 

125 

1.75 

Stable 

-123 

127 

2.41 

Stable 

-127 

127 

1.59 

+13.5% FFC, 1.84 core MR 

-128 

130 

1.62 

+9.4% FFC, 1.79 core MR 

-150 

120 

1.85 

Stable 

-151 

133 

1.56 

Stable 

-152 

125 

2.23 

Stable 

-166 

131 

1.90 

Stable 

-167 

125* 

1.60* 

Stab le 

-168 

125* 

2.20* 

5% Pc, 550 Hz 

-169 

133 

2.45 

Stable 

-170 

137 

1.60 

Stable 

-134 

101 

2.45 

Stable 

-131 

128 

1.98 

Stable 

-132 

129 

1.66 

Stable 

-133 

129 

2.31 

Stable 

-136 

126 

1.98 

w/o cavity, stable 

-135 

157 

1.96 

Stable 


550 Hz 
550 Hz 


test conditions. 
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VIII, E, Results (cont. ) 

Spectral analyses of a number of tests were conducted to 
determine the cavity resonant frequency. Figure 52 shows the RMS amplitude for 
both the cavity and the chamber as a function of frequency for Test 121. A 
low level activity at .05 psi (RMS) amplitude can be detected at 9600 Hz, the 
chamber first tangential (1-T) mode. At this frequency, a strong resonant 
measured by the cavity transducer which shows a 20:1 atnplification over tf.‘ 
chamber measurement. This resonance shows the 9600 Hz tune at the .6 in. c . . 
depth and the ability of the acoustic cavity to damp the 1-T kinetic energy of 
the XDT injectors. 


In summary, the X-doublet injectors showed no apparent 
sensitivity to a transverse mode at 9600 Hz or longitudinal mode at 2600 Hz. 

This favorable characteristic is believed to be the result of the axially dis- 
tributed energy release which this element provides. 

b. Splash Plate Injectors 

Two types of splash plate injectors, SPl and SP2, were 
tested during the course of the program in 40 firings, including nineteen bomb 
tests. A summary of all SP tests, indicating operating condition and chamber 
length and including comments on stability, is given in Table VII. 

Instabilities were encountered at frequencies of about 
2000 to 2600 Hz and at 9600 Hz with the splash plate injectors. The lower 
frequency range corresponds to the first longitudinal (1-L) mode of the chamber. 
These frequencies were measured on seventeen tests with amplitudes ranging from 
+5% to +40% of chamber pressure. Since the 1-L mode couples most strongly when 
the sensitive part of the energy release occurs at a pressure antinode, an 
attempt was made to stabilize the unit by shifting the 1-L anti node. The 
acoustic cavity depth was increased to 1.6 in., to make the chamber appear 



Pressure^ Psl (RMS) 




MR » 1 .6 

= 230”F 

L' = 7 in. a 
.6 in. c 


o O 




LI 




Report 13133-F-l 
TABLE VII 

OME TRANSVERSE PLi\TELET 600 LBF TEST SUMMARY 
SPUSH PLATE INJECTOR 


Test 


Pc 


MR 


Conanents 


A>fflIENT FUEL CTEMPERATURE =60” F) 


J 


L'-4" 

SPl 

-101 

100* 

1.8* 

Chug 970 Hz 



-102 

125* 

1.8* 

Stable 550 & 2000 Hz, 5% Pc 



-103 

125* 

1.9* 

Stable 550 & 2000 Hz, 5Z Pc 



-104 

136 

1.8 

Stable •• 



-105 

136 

2.16 

2000 Hz, 5Z Pc . 



-106 

132 

1.73 

Stable 



-107 

133 

1.60 

Stable 

It 

SP2 

-158 

125* 

1.9* 

0.3 sec duration 



-159 

125* 

1.6* 

0.3 sec duration 

L'=7" 

SPl 

-108 

137 

1.84 

2040 Hz, 10% Pc (45 psi on Start) 



-109 

132 

2.15 

2100 Hz, 10% Pc 


SP2 

-137 

135 

1.93 

2100 Hz, 10% Pc 




HO 

T FUEL 

(TEMPERATURE =230“F) 

L’«4" 

SP2 

-141 

130 

2.0 

Stable (225*F, Fuel) 



-142 

136 

1.54 

Stable 



-143 

125 

2.80 

Chug (1000 Hz for 300 ms near start) 

L’-6" 

SP2 

-157 

133 

1.90 

Stable 



-160 

140 

1.42 

Stable 



-171 

136 

1.76 

Stable 



-172 

140 

1.43 

Stable 



-173 

132 

2.30 

2600 Hz, 30% Pc 

L’-7" 

SPl 

-154 

102 

2.10 

2500 Hz for 25 ms at start (218‘’F, Fuel) 



-110 

133 

1.78 

2500 Hz, 40% Pc (220*F, Fuel) 



-119 

126 

1.90 

2500 Hz, 25% Pc (199 *F, Fuel) 



-120 

129 

2.50 

2500 Hz, 10% Pc (180*F, Fuel) 



-129 

138 

1.81 

w/o .6" cavity (9600 Hz at bomb, 100% Pc) 



-130 

147 

1.78 

w/o .6" cavity (9600 Hz at start, 100% Pc) 


SP2 

-138 

125 

2.00 

2400 Hz, 30% Pc 



-139 

135 

1.60 

Stable (240“F, Fuel) 



-140 

130 

2.50 

2400 Hz, 40% Pc 



-144 

122 

1.90 

+FFC 14.5% Stable (214“F, Fuel) 



-145 

125* 

1.65* 

+FFC 10%, 2500 Hz, 30% Pc prior to bomb 



-146 

125 

1.75 

+FFC 10%, 2400 Hz, 30% Pc 



-147 

121 

1.95 

+FFC 6.5% Stable (227 *F, Fuel) 



-148 

133 

1.6 

+FFC 6.5% Stable (238“F, Fuel) 



-155 

125* 

1.70* 

w/o .6" cavity (9600 Hz at start, 100% Pc) 



-161 

134 

2.18 

1.6" deep cavity, 2500 Hz, 30% Pc 



-162 

140 

1.56 

1.6" deep cavity, stable 



-163 

134 

2.50 

1.6" deep cavity, stable 



-164 

138 

1.93 

1.6" deep cavity, 2500 Hz, 30% Pc, FS-2 9.6Kc 



-153 

162 

1.85 

.6" deep cavity 


*Planned test conditions. 
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VIII, E, Results (cont.) 

acoustically longer and thereby shift the pressure anti node into the cavities. 
Half of the tests, that is 2 out of 4, in this configuration showed the 1-L 
mode; this indicates only minimal mode modification occurred and/or substantiates 
the high gain and localized energy release characteristic of the splash plate 
element. 


The 9600 Hz instability was encountered three times, twice 
spontaneously at the beginning of the test and once following the bomb. The 
9600 Hz frequency is the 1-T chamber mode. This mode was present only in tests 
in which the changer acoustic cavity was removed. This is significant in that it 
indicates the acoustic cavities were effective against the transverse mode 
although they had been ineffective with the longitudinal mode. 

It was also observed that the acoustic cavity temperature 
was about 2200®F with the splash plate elements as compared to about 300®F with 
the X-doublet. This is consistent with the performance, compatibility, and 
stability results, all of which indicate the splash plate element to have a 
much shorter time lag than the X-doublet. 

In summary, the splash plate element was capable of coupling 
with a longitudinal mode and with transver modes at frequencies up to at least 
10,000 Hz. This characteristic was interpreted as making the splash plate a high 
risk element for the full scale application. 

c. Mixed Element Injectors 

The mixed element injector was an attempt to blend the 
desirable performance of the SP element with the desirable compatibility of 
the XDT element, and to locate the rapid energy release of the SP element away 
from the injector periphery so as to minimize the 1-L coupling. 
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VIII, E, Results (cont.) 

The design was tested eleven times as tabulated in Table 
VIII, and was bombed each time. Only two tests were unstable, both with 10 in. 
chambers in which the acoustic cavity had been removed. The sensitivity frequency 
was raised to 9800 Hz which is the 1-T + 1-L mode. No incidence of the 2500 Hz 
frequency was noted indicating a longer energy release distance had been achieved. 
The single test of the 10 in. chamber with acoustic cavities was bomb-stable, 
confirming a positive contribution on the part of the cavities. 


d. Stability Summary 

The stability testing clearly indicated the attractive 
character of the XDT element. The injector designs were not sensitive to any 
hardware or operating point variables. Acoustic cavities were not required for 
dynamic stability at the 600 lb thrust level. 

The SP designs, on the other hand, showed extreme sensi- 
tivity to combustion acoustic modes. The 1-T mode could be damped with a .6 in. 
cavity but modes around 2500 Hz were not easily attenuated. A special deep- 
cavity design proved statistically inadequate. 

Mixing the elements to neutralize the high SP element gain 
proved quite satisfactory. Instabilities were encountered only in a 10 in. 
chamber in which the acoustic cavities were absent. At other chamber lengths 
the cavities could be removed without affecting dynamic stability. 

Chugging sensitivity was demonstrated with all designs when 
tested with short chambers and with low pressure drop injector faces. These 
conditions were most frequently identified at high mixture ratios, short chamber 
lengths, and with the SPl injectors. 
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TABLE VIII 

OME TRANSVERSE PLATELET 600 IbF TEST SUMMARY MIXED ELEMENT INJECTOR 


MET 


Test 

!c 

MR 

!f 

Coirments 


174 

125 

1.68 

94 

Stable 


175 

127 

1.89 

96 

Stable, no cavity 


176 

123 

1.98 

232 

Stable 


177 

130 

2.42 

226 

Stable 


178 

130 

2.42 

226 

Stable 


179 

131 

1.69 

239 

Stable, no cavity 


180 

97 

2.18 

226 

Stable, no cavity 


183 

127 

1.96 

235 

Stable, no cavity 


181 

127 

2.0 

232 

Bombed unstable 0 9800 and without 

cavity 

182 

133 

1.69 

238 

Bombed unstable 0 9800 and without 

cavity 

184 

129 

1.93 

233 

Stable after bomb with cavity 
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I/. FULL SCALE TESTING AND DEMONSTRATION PROGRAM 

A. INTRODUCTION 

This section discusses full scale testing, Task Vi. done at ALRC 

following the unielement and subscale hardware testing. It does 'Ot Include 

- 1 2 

the WSTF testing, which Is documented In tv»o separate final reports, ’ nor the 

3 

stability testing which was conducted at ALRC following completion ot the 
second WSTF series. Included In this section will be a description of ti -' 
Injectors, the chambers, designed In Task IV and fabricated in Task V, and *^he 
various cavity configurations that were tested, also a chronology of the test 
sequences and a summary of operating conditions and stability results. 

The purpose of the full scale testing was, broadly, to evaluate 
stability, performance, and heat transfer characteristics, and more specifically, 
to Identify the effects of injector pattern, cavity configuration, chamber 
length and operating point on those characteristics. The primary thrust of 
much of the testing was directed toward improving stability margin; thus, many 
of the firings were stability bombed. Stability results, as well as performance 
and heat transfer results, are discussed separately In subsequent sections. 

B. FACILITY 

Full scale tests at ALRC were conducted either in the J-4 test 
facility or In the A-5 facility. Tests 001 through 038 discussed below were 
conducted In the J-4 area; all of the remaining tests, numbered 101 through 
424, were run In the A-5 facility. Both of these facilities will be briefly 
described. 


^ WSTF Test Report, Report No. 13133-S-1, 12 December 1973 

^ 1974 WSTF Test Report, Report No. 13133-S-3, 1 April 1975 

^ Report No. 6673:130 PDRD TM05-18, Revision A, Report Development Test OMS 
Injector, Early Injector Program, July 1975 
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IX, B, Facility (cont.) 

1. J-4 Test Facility 

The J-4 facility, shown on Figure 53, can be used for testing 
either cryogenic or storable propellants either at sea level or altitude 
conditions. The test hardware is mounted horizontally on a compression 
flexure firing fixture with in-place force stimulus thrust calibration capa- 
bility with all propellant lines under pressure. The altitude capability, 

70,000 ft equivalent at nominal OME flow rates, is 440 sec and is limited by the 
steam system capability. 

A 2210 gal vessel with 1275 psig capability is used for 
storing the oxidizer, while the fuel is stored in a 1000 gal vessel with 2160 psig 
capability. The propellant systems include all of the required support systems 
such as scrubbers, vent stacks, pressurization systems, temperature conditioning 
systems, loading stations, and waste ponds. 

The data acquisition system includes 48 strain gages, 48 
thermocouples, 12 RTT's, 6 flow meters, and 12 high frequency channels that 
can be recorded on 20 brown strip charts, 3 oscillographs, a 120 channel 
analog-to-digital converter and an Ampex 8-1200 system. Test data are available 
immediately after each test on strip charts, a direct-writing oscillograph, 
and an on-line digital printout. 

2. A-5 Test Facility 

The A-5 test cell is one of seven bays in the A-Area facility, 
shown on Figure 54. The A-Area, or Physics Lab, as it is commonly called, is 
well suited to research-oriented work because of the technical background of 
its personnel as well as the scope of the facility which comprises, in addition 
to the test bays, the Advanced Injector Distribution measurements system 
("milk maid"), centralized control and data acquisition room, shop and assembly 
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IX, B, Facility (cont.) 

area, microinstrumentation laboratory, acoustics laboratory, and data reduction 
and office area. 


The test bays are equipped to conduct small scale rocket 
firings In the thrust range of 1 to 10,000 lb thrust at both sea level and 
simulated altitude conditions. Test data are transmitted from the bays via 
shielded cable to a patch board system located in the central control room. 

The patch board allows rapid Instrumentation change from one bay to another. 
Wide-band differential instrumentation amplifiers and appropriate signal con- 
ditioning convert the low level data signals to high levels required for digital 
recording, analog taping, and oscillograph galvanometers. Low frequency test 
data are recorded on a direct writing oscillograph for "quick look" usage and 
digitized for engineering unit listings. High frequency data are recorded on 
analog tape which can be played back on the direct-write oscillograph or 
digitized. 


Operating point data are digitized and stored In an on-line 
HP 2100A computer/real time process controller. This unit controls all test 
sequencing and malfunction sensing, and it outputs selected data for "quick 
look" review. 

C. CHAMBERS 

Except for Sequences 7, 8, and 9 of Series 1 in which the A-1 
regenerative chamber was used, all full scale testing at ALRC was accomplished 
with uncooled, or heat sink chambers. Figure 55 shows an assembly view of a 

workhorse chamber with the L* section, film coolant ring, Injector, and close- 

out plate (for leak testing) in place. Three chambers were employed In testing 
two of them residual from a company-funded program. Figure 56 shows a drawing 
of the 4.000 In. L' chamber; the other two had L' values of 8.000 and 12.000 In. 
Wall material was 304L stainless steel In all cases and the wall thickness was 

0.75 in. The A-1 regenera Lively cooled chamber has been previously documented 

In the two WSTF Test Reports. 
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IX«C» Chambers (cont.) 

Three cylindric*! L* sections were available for use with these 
chambers. Their lengths were respectively 2.000, 3.000, and 4.125 In. Wall 
materials was 347 stainless steel. Figure 57 shows the 3.000 In. section. 

Either a stainless steel film coolant ring or a dummy ring could be 
Inserted forward of the L* section. The film coolant ring had 120 orifices 

0.0290 In. dia for coolant Injection. The dummy ring had no such orifices. 

The drawing of the ring Is presented In Figure 58. 

Two nozzles were used during the testing. One, shown on Figure 59, 
was a 15® conical section vnth an exit area ratio of 20:1. The other was a 
contoured nozzle and also had an exit area ratio of 20:1 . Both were made of 
mild steel and bolted on to the aft end of the chamber by means of 18 bolts. 

The chamber, as mounted In the A-Area test stand. Is shown In 

Figure 60. 

D. CAVITY CONFIGURATION 

1. Introduction 


A number of geometrical factors. In addition to cavity depth 
and area, were found to affect combustion stability. It Is the purpose of this 
section to describe these factors In a general way, so as to make the subsequent 
Test Series Description and Test Summary, Sections F and G, more meaningful. 

The more Important considerations Include (1) Injector overlap, (2) Inlet contour, 
and (3) corner contour. 

2. Cavity Depth 

Cavity depth, or length as It Is often called. Is simply the 
distance to the bottcxn of the cavity as measured from the Injector face. Using 
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IX, D, Cavity Configuration (cont.) 

the face as a reference point is arbitrary but in sene cases the only realistic 
way to Indicate depth, as for instance, when the outer wall of the cavity is 
contoured at the downstream end. 

After the initial experimentation, it was found necessary to 
have cavities of two different depths. The longer, or 1-T, cavity was varied 
in length from 0.4 in. to 1.9 in. The shorter, or 3-T cavity was varied from 
0.35 to 0.9 in. The baseline cavity depths were 1.5 in. for the 1-T (eight 
compartments) and 0.4 in. fer the 3-T cavities (4 compartments). In certain 
tests, the cavities were blocked off to the level of the injector face, leaving 
only the cavity entrance open. Cavity depth was adjusted by means of blocks 
that fastened to the bottom of the cavity. The blocks, which were of several 
lengths, were each held in place by means of two screws. 

3. Cavity Area 

Cavity open area has usually been expressed as a percentage of 
the injector face area, ‘’'he range of 3-T open area percentages varied from 3 
to 9X with up to a 20% increase with the inclusion of an additional bolt-on 
cavity housing. The 1-T values ranged from 10 to 25%. The nominal values 
were 18% for IT and 9% for 3T. 

4. Injector Overlap 

Injector overlap is defined by the excess of injector radius 
over chamber radius. This is illustrated by Figure 115 in Section XII. Thus 
positive overlap signifies that the injector diameter is greater than the 
chandler diameter. In full scale testing, five overlap values were utilized, 
ranging from -0.007 in. to +0.25 in. 
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IX, D, Cavity Configuration (cont.) 

5. Inlet Contour 


The contour of the cavity at the outer diameter of the chamber 
was tested in three configurations as shown in Figure 114 of Section XII. The 
first provided a sharp-edged rectangular corner. The second had a small (1/8 in.) 
radius on the rectangular corner. The third had a larger radius, 1.000 in., 
which was only used in conjunction with a radiused back corner. The inlet corner 
contour discussed below were altered by replacing the ring which formed the aft 
surface of the cavity; curved back corners were achieved by means of tabs pro- 
truding into the cavity from the ring. 

6. Corner Contour 


The back corner of the cavity was also tested with three varia 
tions as shown on Figure 114. The first configuration was simply a sharp edged 
rectangular corner. The second had a 0,600 in. radius which faired into the 
rectangular inlet contour. The third had a 0.500 in. radius which joined the 
radiused inlet contour described immediately above. 

7. Other Variations 


There were a number of other geometrical factors that were 
altered during the testing and were not found to have as significant an effect 
on combustion stability as the several items above. These include the chamber 
profile just downstream of the cavity, the inlet width, the cavity width, the 
injector edge contour, the location of the outer injection element relative to 
the chamber wall , and finally, the cavity rib width. 

Figure 61 summarizes the several geometrical factors just 
described and their numerous variations. In two areas, cavity depth and per- 
cent open area, the list is not complete and only minimum and maximum values 
are given. Also indicated is the so-called baseline QMS design. 
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IX, Full Scale Testing (cont.) 
E. INJECTORS 

1. Introduction 


The frequent replacement of injector faces that was so easily 
accomplished during the full scale test program has understandably caused 
something of a nomenclature problem. The terminology is not as incomprehensible 
as first seems to be the case, however. 

There were in fact only two workhorse injector bodies, to each 
of which four different platelet faces were bonded, and there were two demo 
injector bodies, one with two faces and the other with a single face. In 
addition, there was an integral baffle injector and a like-doublet injector 
that was residual from a company-funded program. 

The basic X-doublet pattern was designated by the letters 
"XDT". Two variations on the XDT pattern existed, denoted on XDT-1 and XDT-2; 
they differed only in the outer row of elements which altered the fuel fan 
orientation as shown on Figure 62. Subsequent replacement of the face stack 
was indicated by a letter suffix to the pattern number. Thus, the four faces 
on the first workhorse body were designated: XDT-1, XDT-IA, XDT-IB, and XDT-IC. 

The second workhorse body was first faced with XDT-2, then XDT-2A, and sub- 
sequently, with a mixed element and a low pressure drop (actually on XDT-1 
pattern) unit. 


The demo X-doublet was designated "DXDT" and the pattern 
again indicated by number. Serial number was then indicated by an additional 
hyphenated number. Initially, both demo injector bodies were faced with the 
XDT-1 pattern; thus, they were called DXDTl-1 and DXDTl-2, respectively. A weld 
repair of DXDTl-1 was labelled DXDTl-lR, and the DXDTl-2 was refaced with the 
other pattern and subsequently called DXDT2-1 , viz. Serial Number 1 of the 
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IX,E,' Injectors (cont.) 

XDT-2 pattern. Notwithstanding manifolding differences between the workhorse 
and demo bodies, the XDT-1 and DXDT-1 patterns were identical, as were the 
XDT-2 and the DXDT-2 patterns. 


Injector Bodies 


The workhorse and demo injector bodies were substantially 
the same in many respects. In both, the oxidizer inlet was at the center and 
fed outward into three pie manifolds prior to feeding into "downcomers" that 
supplied the face ring manifolds. Likewise, the fuel in both cases was fed 
radially inward from a circumferential manifold to three pie manifolds, 
through the "downcomers", and into the ring manifolds. 


4 


The primary differences between the two units affecting 
fluid dynamic characteristics are: (1) the pie manifolds in the workhorse 
body are of uniform height while in the demo body they are tapered; (2) the 
"downcomer" area is smaller on the demo configuration; (3) the retaining 
structure (and fuel manifold housing) of the demo injector core attaches 
directly to the regeneratively cooled cavity housing, while on the other it 
fonns the outer wall of the cavity; and (4) the circumferential fuel manifold 
on the workhorse is fed by a single line while on the demo it is fed from 
around the periphery. 

Figures 63, 64, and 65 present the workhorse injector drawings. 
Figure 66 reproduces a photograph of the disassembled workhorse injector; it 
shows the retaining structure, injector core, oxidizer inlet, and several of 
the blocks which fixed into the forward end of the cavities to effect cavity 
depth changes. Figures 67 and 68 are photographs of the chamber side and 
opposite side of the injector assembly, respectively. 


The demo injector drawings are given in Figures 69 through 73. 
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Figure 69. Demonstration Injector Design 

















Figure 71, Demonstration Injector Design 






Figure 72. Demonstration Injector Design 
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IX, E, Injectors (cont.) 

3. Injector Faces 

The injector face consisted of a stack of six plates, varying 
in thickness from .006 to .008 in. These platelets were individually photo- 
etched and then bonded together to form a single platelet stack which was then 
bonded onto the injector body. 

Testing focused on the XDT-1 and XDT-2 patte>"ns, both of which 
were composed of 867 elements of the XD-0 variety, described under Unielement 
Testing, Section VII. Figure 74 shows the X-doubl°t pattern drawing and 
Figure 75 produces a photograph of the XDT-1 face. 

The mixed element face consisted of both X-doublet and splash- 
plate elements. It was fabricated with the expectation that it might be higher 
performing than the X-doublet and more stable than the full splash plate pattern, 
shown in Figure 76. When this expectation was not fulfilled, testing of the 
mixed element was discontinued. 

The mixed element-integral baffle unit was desinned to produce 
a low heat flux environment to the oxidizer-cooled baffles. This injector is 
described in more detail in the next section. 

The like-doublet consisted of 544 like-on-like injection 
orifices which were formed by electrical discharge machining (EDM). The face 
manifolds were concentric rings as in the platelet designs; "covers" to each 
manifold, through which the EDM holes were formed, were welded to the injector 
body. 


4. Integral Baffle Injector 

The integral baffle injector featured three oxidizer cooled 
radial baffles which were integral with the injector body. 
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IX, E, Injectors (cont.) 

Figure 77 shows the body with baffles attached prior to bonding of the platelet 
stack. The platelets were photoetched and bonded together In the usual manner 
and then sectioned Into three pie slices for bonding onto the body. The jig for 
applying the load to the face during the bond cycle Is shown In Figure 78. The 
finished unit Is pictured In Figure 79, 

5. Testing 

The chronology of Injector testing Is given in Figure 80 which 
can best be used in conjunction with Section F, Test Series Description, which 
follows. The chart shows the Interplay between testing at ALRC -- all in the 
A-5 test facility except for the XDT-1 testing in the J-4 facility -- and WSTF. 
The chart also follows the history of the several injector bodies. 

Table IX cites the test history of each of the injector faces 
and notes the disposition thereof. The like-doublet had 30 firings prior to 
being used on this program. The XDT-IC Injector underwent another 52 firings 
during related testing at ALRC, following completion of the full scale testing 
discussed here. 
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IX, Full Scale Testing (cont.) 

F. TEST SERIES DESCRIPTION 

What follows is a short description of each of the test series of 
the ALRC full scale test program. Since so much of the program was related to 
stability, the primary emphasis of this reporting will be on those factors 
which affected stability. As much as possible, the thoughts of the moment, 
i.e., at the time of testing, will be recorded. The resurging instability 
mentioned frequently in the description, is discussed in detail in Section XII, 

Full Scale Stability. The tables and figures of Section G, Test Summary, which 
follows, may improve the overall understanding of the test program. 

1 . Series 1, Pre-dam XDT-1 Injector 

Testing commenced June 16, 1973, in the J-4 facility with the 
XDT-1 injector. Seouence 1 was primarily for checkout purposes and involved an 
11 in. uncooled chamber witn twelve cavities 1.2 in. long. This cavity depth 
was selected in an effort to obtain both 1-T and 2-T damping by using a cavity 
tuned midway betv/een these modes. Two tests, 001 and 002, were conducted 
using ambient propellants. Performance was found to be low due to heavy con- 
centrations of water in the oxidizer. Both tests were stable. 

The oxidizer was replaced and testing continued with a 13 in. 
chamber in Sequence 2, which consisted of Tests 003, 004, and 005. Heated fuel 
was used. All three tests were unstable; 003 resurged in the 1-T mode; 004 
demonstrated "footballing", and 005 showed a weak resurge with very high frequency, 
around 8000 Hz. 


The cavity depth was then extended to 1.6 in. for sequence 3, 
to improve the 1-T damping; spontaneous instabilities in the 3-T mode resulted 
in two tests, 006 and 007. In all of the foregoing tests, a nominal mixture 
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IX, F, Test Series Description (cont.) 

ratio of 1.9 was maintained in anticipation that the fuel film cooling would 
eventually be required, thus bringing about a nominal overall value while the 
core operated at the higher value tested. 

At this point, it appeared that cavities for the 3-T mode were 
required. A bolt-on cavity housing was installed; it contained twelve radial 
cavities 0.9 in. long. Sequence 4 followed, comprising tests 008 through 

018. These were run over a matrix of operating points with heated fuel. The 
first five tests, 008 through 012, were spontaneously unstable with resurging. 

At the time, the resurging characteristic was thought to be a classical chugging 
mode, that is, a feed system-linked instability, and to eliminate it, high 
pressure drop orifices were installed in both propellant circuits immediately 
downstream of the valves, following Test 012. Thereafter for the first time, 
stability bombs were used in testing; all of the latter tests of the sequence 
were bombed with cork encapsulated 6,5 grain RDX bombs located 2 in. from the 
face. These bombs were triggered by an electrical detonator controlled by the 
engine sequence computer. The cost per bomb was approximately $50. All tests 
were stable, although on Test 015, a brief resurge followed the bomb. Thus there 
seemed to be ample justification to ascribe the instabilities to a chugging 
mechanism, since the orifices virtually eliminated unstable tendencies. 

The chamber length was then shortened to 11.7 in for Tests 

019, 020, and 021 -- Sequence 5 -- which ensued. Test 012, which a relatively 
low mixture ratio test, showed resurging. 

Film cooling was added to the next sequence of tests and the 
chamber length was increased to 14 in. All tests of this group. Sequence 6, 
which comprised tests 022 through 026, were stable. Film coolant flow rates 
ranged from 9 to 15% of the fuel. 

The chamber length was shortened to 13 in. for the next Sequence, 
7, consisting of Tests 027, 028, and 029. The film coolant flow was 8% of the 
fuel and all those firings were stable although an erroneous CSM shutdown occurred 
on the first test. 
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IX, F, Test Series Description (cont. ) 


The workhorse, or A-1, regenerative chamber was used for the 
first time in the next sequence of tests. Sequence 8, which was the last 
sequence to be conducted in the J-4 Test Facility. Nine firings were made, the 
last four with film cooling to ensure chamber integrity. A brief resurge was 
experienced at 0.5 sec into Test 03'' but the system recovered and the test 
continued for 18 sec duration. Two small resurges occurred during Test 034, 
following which an EB-weld failure was noted on the film coolant rino. Test 

035 showed a resurge, which actually had more the appearance of a pop, and Test 

036 had a "blip" or small pop. It was hypothesized that the "blips" and other 
minor perturbations were due to tank pressurant coming out of solution as the 
fuel passed through the cooling jacket as a result of the long delay between 
tests causing vapor bubbles to be ingested into the chamber. Test 037 was 
therefore conducted on a quick turnaround basis following Test 036; as was 
hopefully expected, there were no perturbations. Before this hypothesis could 
be tested further, however, it was recognized that the fuel circuit pressure 
drops were gradually changing. The coolant jacket pressure drop was decreasing 
and the injector pressure drop was increasing. This trend was evident during 

an individual test as well as between tests. Wax used to fill the coolant channels 
during the electroforming of the outer chamber was suspected of being still 
present and melting. Test 038 ended with 430 Hz chugging. Testing was thereupon 
terminated. The need to flush the wax both the chamber and the injector was 
evident; a gate valve had to be replaced, and most important, the WSTF test 
stand had become available for use. Postfire flushing proved that wax had 
remained in the coolant channels of the chamber and had passed into the injector, 
in which about 20 % of the fuel orifices were plugged. Thus the blips were 
credited to wax plugging the orifices, perhaps in conjunction with pressurant 
coming out of solution. 


Series 2, XDT-2 Injector 


Following cleansing of the wax from the chamber and XDT-1 
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IX, F, Test Series Description (cont.) 

injector, both units went to WSTF for testing. The WSTF work is reported 
separately^ and will not be discussed in detail here. The XOT-1 injector 
did show a recurrent 430 Hz instability that could not be stabilized even with 
the installation of 50 psi orifices in the propellant circuits. Testing was 
temporarily suspended at WSTF and resun«d at ALRC's A-5 Test Facility, with 
the XDT-2 injector. This injector differed from the XDT-1 only in the outer 
row of elements. 


In Sequence 1 of Series 2, there were two checkout tests using 
ambient fuel, both stable. The cavity configuration used contained eight 1-T 
cavities 1.6 in. long and four 3-T cavities 0.5 in. long, with square inlet 
and corner contours and a 0.126 in. injector overlap. The chamber length was 
11.7 in. for these tests. 

In the following sequence. Number 2, the same hardware was 
used but tests were conducted over the matrix of mixture ratio and chamber 
pressure points and the fuel was heated to 200"F. Of the first seven tests 
Numbered 103 through 109, only one was stable with some evidence that the problem 
was a feed system-linked instability. To eliminate the participation of the 
fuel circuit with the combustion process, an accumulator can was added to the 
fuel circuit; this can had a 6 in. diameter, was 12 in. long, and was orificed 
at its outlet. In addition, a "aP ring" was installed in the injector fuel mani- 
fold to increase the system pressure drop, as shown in Section XII. Also, three 
dams were added to the fuel manifold upstream of the injector pies to eliminate 
crosstalk. The pies were still in acoustic contact via the face ring manifolds 
at this point; however. Test 110 which followed was stable and the orifice in the 
fuel accumulator can was subsequently removed. 


^WSTF Test Report, Report No. 13133-5-1, 12 December 1973 
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IX, F, Test Series Description (cont. ) 

The three tests of the following sequence 3, were all unstable. 
Radial cavities for the 1-T mode were added at that point, there being twelve 
cavities 1.9 in. deep in the radial housing, and an orifice was added to the 
oxidizer circuit. 


Sequence 4, consisting of Tests 114 through 119, was run over 
a matrix of operating points. Ambient fuel was used in the first two tests, 
heated fuel in the last four, two of which were unstable. The radial 1-T 
cavity housing was then replaced by the axial unit, and an accumulator can was 
also added to the oxidizer circuit. The can installed on the fuel circuit 
after Test 109 was still in place. 

Sequence 5 had five tests, the last four of which used heated 
propellant. Two of them were unstable. It became clear that these "little 
fixes" were not eliminating the supposed feed system-linked instability and 
that the one remaining circuit of acoustic communication in the propellant 
systems -- the face ring manifolds which formed a series of unbroken circum- 
ferential paths around the face from pie to pie -- had to be eliminated. The 
face of the injector was machined away and three dams welded into each ring 
manifold at the null point under the opposite propellant pie. An identical 
face was bonded back on and the unit designated XDT-2A. The entire rev/ork 
process was accomplished in less than three days. 

The next sequence of tests. Sequence 6, consisted of eight 
tests numbered 125 through 132. Tne 1-T cavity was shortened to 1.5 in. from 
1.9 in. but otherwise the configuration was identical to that of the previous 
group of tests. The first six tests were all stable, over a matrix of operating 
points, and so the orifice in the oxidizer line was removed. The two tests 
which followed were stable, although one of them had three postbomb blins. 

All firings of the sequence were bombed. Another sequence (7) of firinos 
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IX, F, Test Series Description (cont. ) 

ensued, this time with a 16 in. chamber. Six tests, 133 through 138, were 
conducted over a matrix of operating points. All tests were bombed and all 
were stable although on the last test there were two postbomb blips. The 
ring dams were thus judged to be the critical factor in remedying the feed 
system- linked instability and the injector shipped back to WSTF for continued 
testing at that facility. At WSTF there followed 54 firings of more than 
600 sec duration without incident. The XDT-2 pattern was consequently 
considered to be the primary candidate for demonstration ("demo"), or proto- 
type, injector testing on the OMS hardware. 

To close the loop of the test logic, the XDT-1 injector was 
returned to the A-5 test stand and fired with the same cavity and feed system 
configuration as was used previously in Sequence 7 at the XDT-2 testing. 

This sequence of tests on the XDT-1, without ring dams, is designated herein 
as Sequence 9 of Series 1, and is thus grouped with the first eight sequences 
discussed above for that injector. All five tescs of the sequence came out 
unstable, which seemed conclusive proof that tlie ring dams had eliminated the 
resurging problem. 

At this point, a "baseline" cavity configuration consisting 
of eight 1-T cavities 1.5 in. deep and four 3-T cavities 0.4 in. deep had 
become established. 

3. Series 3, Mixed Element Injector 

Upon completion of the WSTF testing, the face of the XDT-2A 
injector was removed and replaced with the mixed element pattern. The first 
sequence of tests comprised ten firings, numbered 144 through 153, and was 
conducted over the matrix of operating points. All except the first test 
involved heatea fuel, and all firings were bombed. The baseline cavity con- 
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IX, F, Test Series Description (cont.) 

figuration was used in the first two tests; the first firing went unstable 
with resurging going into the 1-T mode; the second was spontaneously unstable 
in the 2-T mode. To get better 2-T coverage, the 1-T cavity depth was reduced 
from 1.5 to 1.2 in. The following test, 146, was spontaneously unstable in the 
2-T mode. The 3-T cavity depth was then increased from 0.4 to 0.6 in., where- 
upon Test 147 was unstable in the 3-T mode. The 1-T depth was further reduced 
to 0.95 in. and the 3-T depth lowered to 0.35 in. Again, on Test 148, there v/as 
an instability in the 2-T mode. The bolt-on radial cavity was installed to 
provide 2-T coverage; it consisted of twelve cavities 1.2 in. deep and had an 
entrance area equal to 20" of the face area. The following five tests were 
stable although an erroneous CSM shutdown occured on Test 151. 

Sequence 2, which followed with the same cavity arrangement, 
was run specifically to see if the A-50 could be substituted for MMH as the 
fuel. The results proved negative: both tests of the sequence (154 and 155) 

were unstable. 


Sequence 3, consisting of tests 168 throunh 172, was undertaken 
to obtain heat flux and performance data with a short chamber of 12 in. lennth. 
The cavity configuration was unchanged from the two prior sequences. The 
intended result was to determine the trade-off betv/een heat loss to the wall, 
or equivalently bulk temperature rise with a cooled chamber, and performance. 
Instead, three of the firings proved spontaneously unstable and a fourth was 
bombed unstable. Further testing of the mixed element was discontinued. The 
pattern was concluded to be very high performing - 319-320 seconds specific 
impulse - but rather inclined toward unstable operation. 


Series 4, XDT-IA (High aP) Injector 


During the mixed element testing, the XDT-1 injector underwent 
face removal, had dams welded in the ring manifolds as was done with the other 
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IX, F, Test Series Description (cont.) 

unit, and was refaced with an XDT-1 platelet stack. The refurbished injector 
was designated XDT-1 A. Because of underetching of the orifices — by 0.0010 
to 0.0015 in. on all dimensions — the pressure drop was about 20 % high for 
both propellants. Consequently, the injector was only tested twice, in Tests 
156 and 175. It was stable in both tests but was low on performance. 

5. Series 5, XDT-1 B Injector 

The face of the XDT-IA injector was renlaced with a correctly 
etched identical pattern and the unit was then called the XDT-IB. Sequence la 
of the XDT-1 B testing consisted of Tests 158 through 164 and was run over the 
usual matrix of operating points with the baseline cavity configuration and 
16 in. chamber. All seven firings were bomb-stable. 

Sequence 2a was a chugging evaluation and comprised Tests 165 
through 167. Two of the firings, with chamber pressures of 66 psia, chugged; 
the third, with a chamber pressure of 76 psia, did not chug. These first two 
sequence numbers were both assigned a letter subscript to differentiate them 
from the following sequences which were numbered identically at the time of 
testing. 


The next test series was designed to evaluate stability 
margin. The intent of this series was to establish the minimum cavity area 
required for stable operation by systematically reducing the cavity area and 
changing tune to determine the minimum area and optimum tune configuration. 

From tnis the design margin. of the baseline cavity, in terms of cavity area, 
could be established. Also, to this point all testing had been done with the 
square-entrance workhorse cavity configuration. A question existed as to the 
possibility of employing a contoured inlet with the regeneratively cooled chamber 
being designed for testing at WSTF. Sequence 1 was the first testing of the 
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IX, F, Test Series Description (cont.) 

contoured cavity Inlet and Involved six tests (173 through 178) In a survey 
of operating point conditions. The cavity areas had been reduced to 15.2% 
and 8.1% on IT and 3T cavities respectively as the first step In the design 
margin testing. The chamber was bombed in every firing; Test 173 was marginally 
stable and resurges were experienced on Tests 175 and 178, with the resurging 
going Into pure 1-T on Test 175. Since the cavity depths were comparable to 
those of Sequence la, but the area percentages were less, the 1-T cavity area 
was Increased to correspond to that of Sequence la to determine whether the 
Instability was the result of the decreased IT cavity area. 

Sequence 2 which followed consisted of 3 firings. Tests 180 
through 182, all bomb-unstable with resurging. The 3-T cavity area was 
Increased to agree with the baseline configuration. 



Sequence 3 had four firings. Tests 183 through 186, which 
were bombed unstable. The bomb failed to explode on Test 183 which was the 
stable test. Since the pertinent cavity parameters, length and open area, were 
now the same for the contoured Inlet cavity as' for the rectangular inlet base- 
line, It was quite clear that the Inlet configuration was Itself an Important 
factor, for reasons not totally clear at the time. The question arose as t > 
whether the change In contour was equivalent to a change In effective cevlty 
length. Based on a power spectral density analysis of the data obtained from 
t>*e high frequency transducer In the 1-T cavity. It was considered necessary 
to shorten the cavity to bring It Into tune. Thus, the following four sequences 
each Investigated Incremental reductions In the 1-T cavity length. 

In Sequence 4, the cavity was reduced to 1.25 In. from 1.50 In. 

In three firings. Tests 187 through 189, there were two bomb Induced Instabilities. 
In Sequence 5 the cavity was further reduced to 1.07 In., and both tests of the 
sequence were bombed unstable. Sequence 6 had two firings. Tests 192 and 193, 
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IX, F, Test Series Description (cont.) 

with a 0.825 In. 1-T cavity, and both were bombed unstable. Throughout these 
sequences, the frequency of the 1-T mode was Increasing. Finally, in Sequence 
7 the 1-T cavity depth was reduced to 0.535 In. and the 3-T depth to 0.212 In. 
from 0.43 1n. Following the first firing. Test 194, which was unstable, a local 
fuel leak at the periphery of the Injector — at the bond line of the platelet 
stack and the Injector body — was discovered and the testing stopped for 
Injector rework. During the progress of these five sequences It became 
apparent that the high frequency measurements were being compromised by the 
cavity tuning block. Subsequently, the transducer ports entered directly Into 
the cavities rather than passing through the adjustable tuning blocks at the 
end of the cavities. In any event. It was quite apparent that there exists 
a frequency depression with Increasing cavity depth, as was hypothesized some 
time earlier. 


Series 5. XDT-IC Injector 

The face of the XDT-1B Injector was machined off and replaced 
with an Identical face; the unit was now called the XDT-IC Injector. Sequence 
numbers were continued consecutively following the XDT-IB test sequence 7. e.g., 
the first sequence of XDT-IC testing was labeled number 8. It consisted of six 
checkout firings. Tests 206 through 211, over the matrix of operating points; 
the baseline rectangular cavity configuration was used to confirm the stability 
and performance characteristics of the basic Injector pattern. All six tests 
were bomb-stable. 

The following sequence, 9, had only one test and confirmed the 
stability of the unit with 1.9 In. 1-T cavities In place of the 1.5 In. cavities 
used In the previous sequence. 

Thereafter, the rectangular Inlet cavities were replaced with the 
contoured Inlet cavities. The 1-T depth was maintained at 1.9 In. and the open 
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IX, F, Test Series Description (cont.) 

area kept at 19%. The object of the next sequence, Tests 213 through 218, was 
to determine whether the fuel leak experienced with the XDT-IB injector testing 
was a contributing factor to the instabilities experienced, since the raw fuel 
was squirting directly into the cavity region, or whether the instabilititj 
were entirely due to effects brought about by the contoured inlet. Two firings 
of Sequence 10 wore marginally stable, showing postbomb resurges: six on Test 

216 and two on Test 218. 

The 1-T cavity depth was reduced to 1.5 in. for Sequence 11, 
which consisted cf Tests 219 and 220. The first was marginally stable with 
two postbomb resurges, and the second bombed unstable with resurges going 
into the 1-T mode. Thus, the destabilitirg effect of the contoured inlet was 
confirmed. 


There followed a dozen sequences to determine exactly what 
factors were beia^j intlnonced by the inlet configuration. The first approach 
was to deten’nc whetnet thp contoured inlet with its cleaner hydraulic con- 
figuratloi! was res.ilting •(r reduced kinetic energy dissipation of the Jet 
flowing into and out of the cavity and thereby reducing the cavity damning. 
Thus, most of ’he 'se^’.iietri'-aK s^^ges made in subsequent sequences involved 
inlet variations . ss;.! ; ng in significant alteration of the flow resistance. 

The first of these sequences, 12, involved the partial contour 
inlet configuration (Figure 114). Tests 211 through 225 of this sequence were 
all bomb-stable. 


Sequence 13 utilized a restricted inlet area configuration. 

This restricted inlet configuration was calculated to have the same effective 
flow area (CpA) as the square inlet and thus addressed whether the ratio of flow 
area to cavity volume was a significant parameter. Generally, as the inlet 
area of a cavity is reduced, the cavity begins to behave more like a Helmhotz 
resonator and less like a quarter wave tube. Of the four tests. Numbers 226 
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IX,r, Test Series Description (cont.) 

through 229, three were bombostable and the fourth, wherein the fuel temperature 
was signfioantly higher, was marginal. It showed two postbomb resurqes. This 
sequence indicated improved stability over that obtained with the contoured 
inlet. However, it still left an open question as to whether it was the changed 
inlet contour or the shift downward in cavity tune resulting from the restricted 
inlft which was the stabilizing factor. This led to Sequence 14. 

With the same inlet configuration but a shorte.:8d 1-T cavity, 
the single test of Sequence 14 w^s conducted. This test was intended to 
determine whether the restricted contoured inlet of Sequence 13 and the normal 
contoured inlet behaved the same at similar cavity tune conditions. Follovnng 
the bomb, the system went into the 1-T mode. 

At this point it appeared the injector was very sensitive to 
cavity tune. To verify this, the partial contour was reinstalled, and the 1-T 
cavity depth left at 1.1 in. as in tl.e previous sequence. All five bomb tests, 
Numbev 23 i through 235. in Sec.nonce 15, were stable. 

The rectangular inlet cont' mu. ion replaced the partial 
contour unit for the next sequence, wit.n che same l-T ^a'Mty depth, and all 
tests — Numbers 236 th.ough 240 — were stable. In bequti.cc 17 which followed, 
the cavity depth was further reduced to 0.64 inches. All tests ^oain 
stable, although tiie last showed a large postbcmb resurge. 

The partial contour device was again installed with the 1-T 
cavity depth maintained at 0.64 In. Throughout all of these XDT-lc tests, the 
3-T depth was held at 0.4 in. All four tests of Sequence 18 were boirt'-stahla. 

In Sequence 19, which consisted of Tests 250 through 254, tha 1-T depti was 
further reduced to 0.40 in.; thus, all twelve cavities, 1-T an<- 3-i were the 
same length. The four tests of Sequence 20 were homb-ctcble, whicr, contra./ 
to t!ie conclusion from Sequence 14, indicated that combust on c,.abii-.V was n<‘C 
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particularly affected by cavity tune as commonly calculated in terms of cavity i | 

depth; vis., something else was permitting the combustion process to go unstable. | 

In Sequence 21, the rectangular inlet configuration was j ^ 

replaced with the high inlet. As shown in Finure 116 this inlet had a 0.125 in. 

radius on its downstrv.^am edge to give it a high Cp while still maintaining the : 

general configuration of the baseline cavity. It was intended to d ffcr- 

■ ? ’ 

entiate between the effects of cavity entrance direction or location and entrance | 

hydraulic resistance. One test was bombed unstable in the 1-T mode indicating 
this configuration was much more sensitive to tune than the low Cp sharp 
edged configuration. 


In Sequence 23, therefore, the 1-T length was reduced to 1.1 in. 
The second of the two firings went unstable in the 1-T mode, indicating that the 
1-T cavity length was still insufficient. Thus the length was extended to 
1.9 in. and the operating point matrix repeated in Sequence 24. All four tests 
were bomb-stable although the last test. Number 270, had a small postbomb 'esurge. 

Finally in Sequence 25, the last of this group, the cavities 
were all blocked shut to determine whether the presence of cavities might be 
contributing to the instability and also to establish to what mode the injector 
appeared most sensitive. Both tests were bombed unstable in the 2-T mode with 
no resurging present. This confirmed that cavities indeed were effective 
damping devices but also implied that resurging was associated with the pressure 
of cavities. 

7. Series 6, Mixed Element- Integral Baffle Injector 

The mixed el e.ment- integral baffle injector tests were conducted 
during the interval that the XDT-IB injector was being refaced. The primary 
objective of this activity was to demonstrate that the platelet fabrication 
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IX, F, Test Series Description (cont.) 
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technique could be successfully employed with baffled injectors and that the 
baffles could be regeneratively cooled with N 20 ^. 

The mixed element -integral baffle injector had two types of 
injection elements — X-doublets and splash plates. The X-doublet elements were 
located around the periphery and along the baffle walls. The splash plate ele- 
ments were located in the central core region between the three baffle blades. 
Approximately 60 percent of the elements were X-doublets and 40 percent were 
splash plate elements. 

In Sequence 1, which consisted only of Test 179, there were 
no 1-T cavities, under the assumption that the baffles would eliminate the 
1-T mode. All of the cavities were adjusted to the 3-T depth. The firing was 
spontaneously unstable in the 1-T mode indicating the baffles were not supplying 
sufficient damping. It was reasoned at the time that the slight gap (approximately 
0.020 in.) that existed between the baffle and the chamber wall allowed some 
acoustic communication between baffle pockets. This gap had been demonstrated 
to be the source of an instability on a Transtage injector program conducted 
previously at ALRC. The gaps were eliminated by spot welding L-shaped metal 
pi<»ces to both the baffle and the chamber wall to preclude gas flow between 
pockets. 


For Sequence 2, five of the cavities were fixed to a short 1-T 
length, 1.3 in., the first test in this configuration was stable, the second 
spontaneously unstable in the 1-T mode. The metal pieces plugging the gaps were 
all lost during the unstable test. Since the instability started with them in 
place, it was concluded that suppressing the conmuni cation between pockets via 
the gap was not an important consideration. The metal inserts were therefore 
not replaced. Of the remaining five tests of the sequence, four were stablp -- 
two of them with bombs — and one spontaneously unstable in the 1-T mode. 




The 1-T cavity depth wa^ increased to 1.9 in. for Sequence 3, 
which had an iiistability on the second test. Number 203, again in the 1-T mode. 
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IX, F, Test Series Description (cont.) 

The number of 1-T cavities was increased by one, so that half of them were 
tuned to the 1-T mode. Sequence 4 which followed again, had a 1-T mode spontaneous 
instability on the second of two tests. At this point it was concluded that 
the presence of the slow mixing X-doublets and the film cooling of the baffle 
blades was resulting in too ich of the energy release occurring well downstream 
of the baffles, rendering ther ineffective. Since the primary objectives of 
demonstrating fabricability and baffle cooling had been met, it was decided to 
terminate testing of the baffled injector. 

The stable tests did allow calculation of injector performance 
which was found to be comparable to that for an X-doublet pattern, viz., the 
expected improvement due to the splash plate was not realized. This agreed 
with the conclusions reached from the stability results. 

8. Series 7, Like-Doublet Injector 

The like-doublet injector, residual from a company-funded 
program, was evaluated after the XDT-IC injector testing. The purpose of running 
these tests was to determine whether the sensitivity to cavity inlet geometry 
was characteristic of the X-doublet element or had more general applicability. 

The first sequence of tests involved the high cavity inlet contour and consisted 
of Tests 271 through 275. All of the cavities, 1-T and 3-T, were 0.4 in. deep. 

All tests were bomb-stable. 

The contoured inlet was used in the second sequence, agein 
with 0.4 in. cavities. One of the four bombed firings was marginally stable 
with a 0.009 sec recovery, while another was unstable in the 1-T mode. 

The i-T cavity depth wab increased to 1.1 in. for Sequence 3, 
with no other changes being made to the configuration. All four firinos. 

Tests 280 through 283, were oomb-stable. Thus it was apparent that although the 
like-doublet injector showed some sensitivity to cavity inlet geometry, it was 
much less sensitive than the X-doublet injector. 
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The rectangular inlet cavities were installed next and all 
cavity depths adjusted to 0.4 in. All four tests of Sequence 4 were bomb- 
stable. Finally, to show that the cavities were essential for stable operation, 
they were all blocked shut; the single test of Sequence 5 was bombed unstable 
in the 1-T mode. 


9. Series 8, DXDTl-1 Injector 

Serial Number 1 of the demo XDT-1 pattern, which was designated 
DXDTl-1, was then available for testing prior to shiprrant to WSTF. The partial 
contour cavity configuration was used in the first sequence of tests. Six of 
the fifteen firings of this sequence, which encompassed Tests 191 through 305, 
were bomb-unstable. The unstable test points appeared to be at the high pressure, 
low mixture ratio end of the operating "box". The cause of the instabilities 
was suspected to be a poor seal noted between the injector and the adapter 
manifold. This seal was replaced following Sequence 1 and Sequence 2 proceeded 
with otherwise identical hardware. 

Sequence 2 consisted of Tests 306 through 310. The second test 
of the group, 307, was a chugging test and chugging was attained at a chamber 
pressure of 65 psia. Three of the other four tests were bombed unstable in 
resurging, however, indicating that the seal was not the cause of the instabilities 
experienced in the previous sequence. A review of all the configuration differ- 
ences between the DXDTl-1 and prior XDT-1 injectors was therefore conducted. 

The primary difference noted was in the injector overlap, viz, the excess of 
injector radius over chamber radius. All prior testing was conducted with an 
overlap of 0.126 in. The DXDTl-1 unit had a slightly negative overlap, -0.007 
in., which resulted from the requirement that injector be compatible with 
another contractor's hardware for WSTF testing. In order words, the injector 
diameter was very slightly smaller than the chamber diameter, whereas foriterly 
H was somewhat larger. 
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To regain whatever effects were lost with the change in over- 
lap, two overlap rings were f=*bricated. Both of these rings protruded into the 
chamber. The one provided an overlap of 0.126 in., the same as in all prior 
tests, while the other provided 0.042 in. ov'^rlap. 

Sequence 3 was undertaken with the 0.126 in. overlap ring in 
place. All eight firings over the matrix of operating points were bomb-stable. 
Two of them, 316 and 317, had small oops just after chamber pressure rise; these 
were thought to be caused by the explosion of fuel trapped in the cavity. In 
any event, it was clear that the 0.126 overlap had a stabilizing effect. 



The subsequent sequence utilized the 0.042 in. overlap ring. ] 

Every test of Sequence 4 was marginal, with single postbomb resurges occurring 
on Tests 319, 320, and 321, and a double resurge on 322. i 


The larger overlap ring was reinstalled for the single test of 
Sequence 5. The purpose of the test was to determine if the pops experienced 
in Sequence 2 were purely start transient phenomena or if they could occur later 
in the firing. Thus, the firing duration was e'^tended to 4 sec from the nominal 
2 sec value conmonly used. No pops occurred during this test. 

10. Ser i es 9, DXDTl-2 Injector 


Serial Number 2 of the oemo XDT-1 pattern, designated as 
DXDTl-2, was then tested. The 0.126 overlap ring was altered such that its 
downstream edge faired smoothly into the chamber surface. Sequence la of Series 
9, which was at the time labeled Sequence 6 of the previous series, employed 
the same i ardware configuration as Sequence 5 of that series except for the 
contoured downstream edge of the overlap ring. All thirteen tests of the 
sequence, number 324 through 336, were bomb-stable. 
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IX»F, Test Series Description (cont.) 

Sequence 1 consisted of five firings. Tests 337 through 341, 
with the 0.126 overlap ring brazed into the cavity housing. All five tests 
were bomb-stable. 


The subsequent Sequence 2 investigated performance with a 
reduced chamber length, 12 in., and two of the three firings had postbomb 
resurges. The question then arose as to whether the marginal stability was 
due to the reduction in chamber length or to the repositioning of the stability 
borrt) which were located 3 In. from the injector face on these three tests, as 
opposed to 10 in. away in earlier tests. 

Thus, in Sequence 3, the chamber length was restored to 16 in., 
but the bomb location was maintained 3 in. from the face. All five tests, 345 
through 349, were stable. Thus, chamber length rather than bomb oosition was 
the destabilizing factor, a result which had been indicated earlier in the mixed 
element injector testing. 

11 • Series 10, XDT-1C Injector, Inlet Effect Investigation 

The XDT-IC injector was returned to service so as to investigate 
what was the critical factor: overlap or sharp edged cavity inlet. The first 
sequence consisted of a single test, Number 350, to show that the XOT-IC 
injector was also unstable with the -0.007 in. overlap condition. It was. 
Thereafter, a new cavity inlet configuration, with 0.250 in. overlap and 0.125 in. 
radius on the lip of the cavity, was installed. This was the maximum overlap 
tested. The purpose of testing this configuration was to establish whether the 
destabilizing effect which was observed with the high Cp inlet was the result 
of its lower flow resistance or the result of the radius on the lip simply 
reducing the effective overlap. With this cavity inlet, the 1-T cavity was 
progressively detuned, or shortened, during the remaining test sequences to 
enable the stability of this configuration to be compared to that with the 
sharp-edged entrance. 
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IX, F, Test Series Description (cont.) 

Sequence 2 was the starting point with the nominal cavity 
configuration except for the maximum overlap, high Cq inlet. All five tests of 
the sequence were bomb-stable. In Sequence 3, the 1-T depth was reduced to 
1.1 in. from 1.5 in.; again all five bomb tests were stable. The 1-T depth was 
reduced to 0.8 in. in Sequence 4, and once more all five firings were bomb- 
stable. Finally, in Sequence 5, wherein all of the cavities were 0.4 in. lonq, 
one marginal test resulted. Test 367 showed one postbomb resurge. Thus, it was 
fairly obvious that overlap and not corner sharpness was the critical factor 
in stabilizing the combustion. 

12, Series 11. XDT-IC, Stability Margin Evaluation 

The purpose of this series of tests was to determine the 
stability margin of the baseline cavity configuration. As noted earlier, the 
method of doing this involved simultaneously reducing percent open areas for 
the 1-T and 3-T cavities until a marginal condition was encountered, and then 
adjusting the cavity depth to evaluate the effect of cavity tune. 

Before getting into the stability margi,. tests, however, a 
sequence was conducted with the 12 in. chamber length to corroborate the 
destabilizing effect of the reduced chamber length with the XDT-IC injector. 

All six tests of the sequence were bomb-stable, indication that tho XDT-IC has 
somewhat greater stauility margin than the demo units. 

Sequence 2 was with the 16 in. chamber and with 1-T and 3-T 
cavity open areas of 14.4% and 7.7% respectively. All five firings. Tests 376 
through 380, were bomb-stable. The percent open area of the cavities was 
reduced to 10.2% for 1-T and 6.2% for 3-T for Sequence 3, and the matrix of 
test points repeated. One marginally stable firing was experienced. Thus, 
the limiting point on percent open area had been breached. 
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IX, F, Test Series Description (cont. ) 

Sequence 4 which followed had the same open area percentages 
but deeper 1-T cavities, 1.9 in. as opposed to 1.5 in. Two instabilities were 
experienced in the six tests. Thus, it could be concluded that the direction 
of improved stability was towards shorter, rather than longer, 1-T cavities. 

The subsequent sequence therefore employed 1.3 in. cavities. 

One firing was bombed unstable. The 1-T cavity depth was further reduced for 
Sequence 6, to 1.1 in. All nine test points were bomb-stable, although two 
tests each had a single postbomb resurge; the greater number of tests was 
considered necessary to ensure a meaningful statistical sample. Thus, by 
sufficiently shortening the cavity depth at this limiting percent open area, 
the unit was returned to stable operation. 

In Sequence 7, Tests 404 through 408, the 1-T depth was 
decreased to 0.9 in. Two firings were bombed unstable and a third had a slight 
postbomb resurge, indicating that the limiting minimum cavity depth had also 
been breached. In other words, for the open area percentages determined in 
Sequence 3, the 1-T cavity depth for bomb-stability lies between 0.9 and 1.3 in. 

The subsequent Sequence 8 was run to determine if the 3-T 
cavities were really necessary. All of the 3-T cavities were blocked off with 
the blocks extending 0.125 in. dov/nstream of the injector face; the aft end 
of the cavity thus still formed a "pocket". The 1-T cavity depth was readjusted 
to 1.1 in., the stable point determined in the prior sequences for the minimum 
open areas, which were maintained. Two of the four firings in this configuration 
had postbomb resurges and a third was unstable in the 1-T mode, indicating that 
the 3-T cavities were contributing to the 1-T mode stability attained previously. 

The following sequence, consisting only of Test 413, was 
conducted to determine whether the active cavity open area, or the effective 
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IX, F, Test Series Description (cont.) 

open area, is the important parameter. The cavity depths and open areas were 
the same as in Sequence 6, wherein all tests were stable; the cavity inlet was 
radiused, however, giving a higher Cq. The assumption was that, if effective 
area is the critical factor, then the greater effective area resulting from the 
higher Cg should make the system more stable than in Sequence 6. The instability 
on the first test of the sequence showed that the radius on the inlet not only 
fails to provide more margin by reason of some effective area increase but acts 
to destabilize a heretofore stable condition. 

Having found in Sequence 8 that the 3-T cavities are necessary 
for 1-T stability, in Sequence 10 the 3-T area was cut in half to determine to 
what extent the 3-T cavities contribute to 1-T stability. The rectangular 
inlet replaced the radiused inlet configuration and except for the 3-T area 
change there were no other variations. One of the two tests was bombed unstable 
in 1-T, while in the other the bomb failed to explode. Thus, the 3-T cavities 
were again shown to contribute to 1-T stability. 

Sequence 11 evaluated the high contraction ratio = 4.0) 
chamber. This chamber had a nominal throat area equal to 1/2 that of the other 
chamber. The first five firings. Tests 416 through 420, were at high chamber 
pressures — 200 to 300 psia — and proved bomb-stable. The last three tests 
were conducted at near-nominal chamber pressure to investigate chugging, which 
was attained on the final test, 423, at 122 psia chamber pressure. 

13. Series 12, Low aP Injector 

The last series of the program was intended to investigate the 
characteristics of a low pressure drop injector. This series was aborted after 
the first test. Number 424, showed an interpropellant leak in the injector. 
Results of this single test are inconclusive. 
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IX, Full Scale Testing (cont.) 

G. TEST SUiwARY 

In the Test Series Description above, tests were designated by a 
series number, a sequence number, and a test number. This folio**: the 
methodology used in WSTF testing but was in fact not used throughout ALRC 
testing. The series number was assigned after the fact to clarify this 
listing and was given in accordance to the injector. Thus, all of the XDT-1 
injector tests are grouped into Series 1. The sequence number was commonly 
but not always specified during testing, with each sequence denoting a group of 
tests all with the same hardware. Generally, every hardware change would call 
for a new sequence number. Thus, Sequence 1-1 involved 1*2 in. cavities with 
an 11 in. chamber length, and Sequence 1-2 involved 1.6 in. cavities with a 
13 in. length; otherwise, there were no differences in configuration. Finally, 
the test number was assigned on a consecutive basis with the J-Area tests going 
from 001 to 038, and the A-Area tests going from 101 to 424. This is somewhat 
different from the WSTF approach wherein each sequence started anew with Test 
Number 1. 


There were unfortunately some exceptions to this system of designa- 
tion — for example, hardware changes within a sequence in a few instances -- 
that could not be rectified without altering much of the origi:al sequence 
numbering. To avoid confusion, this was not done. Such exceptions reflect 
the fluidity of the test program wherein changes in hardware configuration could 
be and were accomplished with a minimum of delay. 

Figure 80 maps the chronology of the ALRC testing and also the 
interaction with WSTK testing although the latter is not broken into individual 
test sequences. In conjunction with the Test Series Description, it helps 
explain the rationale of the test program. The figure also traces the replace- 
ment of injector faces on the four injector bodies. 
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IX, 6, Test Summary (cont.) 

Table X summarizes the elements of the hardware configuration 
that are deeirod important from the standpoint of stability. These include: 
chamber length, cavity inlet contour, chamber wall shape at the cavity, 
contour of the back corner of the cavity, inlet height, cavity width, injector 
overlap, cavity depth, and cavity open area as a percent of injector face 
area. These elements are described fully in the section above entitled 
Cavity Configuration. 

Table XI summarizes the operating conditions for each test of the 
entire program. These include chamber pressure, mixture ratio, and propellant 
temperatures; the use of stability bombs and the resulting stability character- 
istics are also indicated. In most cases, specified values are nominal rather 
than exact. An exception to this is that measured ("exact") fuel temperatures 
are commonly given for the tests with instabilities; these values were 
measured at the start of the instability. 

H. CONCLUSIONS 

From the review of the full scale testing, it is apparent that the 
majority of the tests conducted on this program were directed towards combustion 
stability. Although a stable injector-acoustic cavity configruation was 
established early in the testing, it was the intent of the program to explore the 
limits of stability, i.e., to determine at what point various changes in 
hardware configuration or test conditions cause the combustion to go unstable. 

It was felt this information was required to establish the desired OKS technology 
base. Two factors combined to make the program much more complex than origianlly 
anticipated. First, the appearance of resurging instability produced a sig- 
nificant departure from existing combustion stability technology and the 
analytical tools which have been developed. Second, the great sensitivity to 
cavity inlet geometry was also unique with no previous technology to rely upon. 

As a result, much exploratory experimental work had to be performed. Although 
at the present time, no definitive statements can be made about either resur-^ iq 
or cavity inlet geometry, the testing conducted durira this program has resulted 

Page 17b 






T 

I 



Report 13133-F-l 



I 



m 

u> 

in 

• 

o 

• • 

oo> 

• 

— 


CM CM 


• •• •#••• 

LO in o\ o\ 

CM CM r- »— f— ro r- *“ 




0) a; 

0^ 

1 

i. w 




<0 


3 3 

3 


a cr 

O’ 

, 

CO </) 

00 

> 



Chamber Inlet Chamber Corner Inlet Cavity Cavity Depth Cavity Area 

Seri es Test # Date Length Contour Shape Contour Height Width Overlap IT 3T IT 3t 


Report 13133-F-l 


m m f— r- in 
• • • • • , 
0^ 00 00 


cysiT) (j\' 


g o 00 
m ^ 


OOO o in ro ro 

LO LD LO CSJ O 00 in 


O iO VO 
CM CM CM- 


o o o o 

in o> in. 


o ^ ^ o 

VO iO • 


o o o o 

in f— o 


^ ^ ^ 

in LO tn 


OOO. 
VO VO VO 


.o o o o. 

VO ^ VO 


o> 0) :s 

. i- o 

O 3 3 C 

cr (T O 

U 00 00 o 
Q> 


00 4-> <4-> 

r- « <0_ 


Oi 01 3 

u S- o 

3 3 C 

cr CT o 
oo oo o 


VO VO VO vO VO VO VO VO VO 


"O -o 
0) 0) 

t. k- #" ^ r— r~ r— 5*. 

(U(U33f033«<ua)^ 4<D3 
i- U O O -I- p O *r- 1. .r- •!- U o 

lO 

33CCi-CCS-33S^U3C 

OO'OO«lOOraao*'0r0OO 

oo<nooQ_OOQ-t/)oocua.ooo 


u. &. &. 

3 3 

o o 

i. C I— P- r- i— Q 

CU<U33(CCC r0<i)ajf0^(l)O 

1. &. O o *f- o O *1- i. L. *1- U 

«0 (O lO-M+J fO-C — 

33CC^ S-:33^V.30> 

cro’OOos • •ioc7Gra5<^crT- 
OOtOOOCa.l/» A/»Q-tO00Q.Q.00X 
(U 0) 
of d: 


vovovovovovovovovovovovovovovovovovo 


f>» 

OOOOcvOOovOOO 

r-r-f—CMCMCMCMPOrO 


OOOOOOOOO 


ro«^too0f— cMinLOr^oooo^vor^r^oooo 

p^f..^p.CMCMCMCMCMCMCMOOOOOO 

— 

CMCMCMCMCMCMCMCMCMCMCMOOrorororOrO 

OOOOOOOOOOOOOOOOO 


^r^OOCMVOOVr—OO 

vovors^oocococrtcT) 

} I i I I I • 
OOinCOO<^f^OCMCT» 

mvot^oooooocrtcr»»— 


f— ooovna> inovnov^o ^voo 

t— f— CM CM CM CO^^^mvT) VO VO 

CM CM CM CM CM CM CM CM CM CM CM CM CM CM 

ICMI »tiOlltlllOlll 

vo»— ooo^^voror-vo^voomvof-- n 
OCm^f- CMCMCM roro^^intncMvOvOMD 
CM CMCMCMCM CMCMCMCMCMCM CMCMCM 


10 <o 

f— CM*— CMro^mvor^ 


QO<7^o^cMoo^invo^^ooo^o^— cMoo^m 

f— *— »— f— f— f— r-f— — r—CMCMCMCMCMCM 


Page 181 


289,290 03/25/74 


Report 13133-F-l 


VD r- r- 00 
• • • • 
r^sosoco 

CM r- e-r- 


m U> 

• ' • 
cn o> 


io moo 
• • • 
I r- I— CO 


• • 
p- r- I 


m m 

CO CO 

• • 


^ s § 


O—— o 


o o o o 

• • • • I 


rv VO CM VD 
O O CM ^ CM 
O Or- Of- 


VO VO 

CM— CM 


o| O 
cu 

•r^ 

>1 , c 

4-» f M4 

> -o 0^ 

<0 *r“l r— 

O S M4- 
<♦- 

1 ^ 

CU 01 I— 
f— •f-i <o 

e 41 u 


£ 

41 O 

E C * 

O O *M 

0 O C 

. I 

01 ^ f— 

4 a Lkj 
B _ 

<o x: T3 
X m a; 
o K 


s — s 


S2! 2 .2^ 

4-> IO_fO C 

C 3 3 i«i 

o cv cr 

o m m 

4) 

r— 

XI 

3 

4^ Si 
__ ^ * ' 
UU U. ^ 


g£ E 

•M <t» -M 
C 3 3 

o cr cr 
cj m m 


u> 

-rx 1 
m 


60 

1 

60 

• 

• 


• 

• 

o 

►O 


a 

•O 

VO 

VO 


VO 

VO 

« 

• 1 


• 

• 

U V- 
4^ 3 3 

41 

s. 

<0 

to 

u o o 

u 

o 

♦r- 


10 4J 4-> 

(0 

4^ 

4-» 


3 C C 

3 1 

u 

V. 

V. 

a o o 

cr 

4) 

to 

to 

Ul o o 

to 

•r-7 

o. 

u. 

4J 

4-» 

c 

1 

•M Q. 

Q. 

m 

. <0 • 


(0 m 41 

4^ 

r- 


I— 

F- f- 4J 

4-> 

U. 

Vl. 

5 

LO LU 00 

00 



X 

o 

to 

f— 

<o 

o o 

u 


•r— 

•F» 

X 4-> 4^ 

to 


4^ 

_ 4-> 

crc c 

3 1 


&. 

L. 

o o 

cr 


to 

fO 

X o o 

00 


u. 

O. 


CM VO t'J VO 


VO VO VO VO VO 


VO VO VO VO VO 


VO VO CM VO 



^ ^ 

^ ^ ^ ^ ^ 

«cr ^ ^ ^ 

^ ^ ^ 


fs. rs, r%. 

rs, rs„ fs. 

rs. rv. rs» 

fs^ Pnh 







CO m VO 00 

CM 

m VO ^ m VO 

CM VD f— F- 

4) 

CM o oo 

r- CM CM CM CM 

Of— CM CM CM 

O O CM CM 

4-> 





lO 

F- CM CJCM 

fO CO CO CO CO 

^ ^ ^ 

UO LO vn LO 

C3 

O O O O 

o o o o o 

ooo oo 

o o o o 


•— CO m 

vn cTk CO fs. 

m o 00 CM 

VD f— ^ Cs. 


o oo 

00 CO 

o r- i— CM 

CO ^ ^ 


CM CM CM 

CM CM CM CM 

CO CO CO CO 

CO CO CO CO 
11*1 


OV 1 • • 

1 1 1 t 00 

1 1 1 1 CO 

iA 

fN, m CM ^ 

VO Q ^ 00 
r>« rs» 00 do CM 

f— VD F- Oi CM 

cs. tM m 

41 

r- cn O O 

CJV O ^ f— CO 

CM CO ^ ^ 

•- 

f— CM CM 

CM CM CM CM 

CM CO CO CO 

CO CO CO CO 


r- CM CO ^ vn 
I 


»— CM CO ^ m 

I 

00 


to 

r- »— CM CO 
I 

as 


Page 182 


I 


I 


Report 13133-F-l 


esi r-. CM 
« • • « 
Ot to 


CM csi ^ ^ 

» • I • • • 

VO \0 C*> <3% 0> 


m ^ CM 

00 ^ o 


in 

.00 CM CO 00 o 


o o o o c 

O U> r- 00 ' r 


#— f— •— o o 


o oooooo o o 
tn — tn <Ti ro f— o> t— r— in 

< — IT- r— •— r - o r— r— 


t 


o 

o 

d> in oj <u 

0) 

\ 


u 

U 3 !• W 

V. 

1 

.JZ 

to 

. If* III 

<o 



3 

3^ 3 3 

3 


•r“ 

cr 

cr «o cr o“ 

cr 


oc 

t/> 

oo q: tn oo 

in 



to to to to to 


CM VO VO VO VO VO VO VO VO VO VO 


rs. rs. 

ro^QOi— 

CM CM CO CO CO 


in m m in m 
o oooo 


fs^r^cs.^rvf^r^rvr^f^t^ 
o>vor>-Or— f— coi^oocOin 

OOOi— r-f— r— r-r-f— CM 
VO to to VO to VO to VO to VO to 

ooooooooooo 


m o m o> 
in VO VO VO 

CO CO fO CO 
O I I I • 
m f— VO r— VO 

CO in in to VO 

CO CO CO CO 


mo^o^rooocM to CO 

r^oooocjto^oo*- #— CM 

CO CO CO CO CO ^ ^ ^ ^ ^ 

I I I I I I I I CO I I 

OtOf—mf—in^Of— ^vo 

r*vr^oococTio>oo^^*“ 

CO CO CO CO CO CO ^ ^ ^ ^ 


r~ CM CO ^ in 
I 

o 


I— CMCO^invor^oooto 


Page 183 


TT 


no 


r 


1 


1 


Series 


Report 13133-F-l 
TABLE XI 

SUmARY OF OPERATING CONDITIONS FOR FULL SCALE TESTS AT ALRC 


XDT-1 laiector (no ring dams] 


1-1 

001 

125 

1 

.9 


002 





1-2 

003 






004 






005 





1-3 

006 






007 

135 



1-4 

008 

125 




009 

125 




010 

130 

1 

.6 


on 

130 

2.2 


012 

140 

1 . 

.9 


013 

115 




014 

115 




015 

125 

1 , 

.6 


016 

114 

2 . 

.2 


017 

104 

1 

1 


018 

102 

1 . 

.8 

1-5 

019 

125 

1 . 

.9 


020 



2.2 


Bomb 

Location 


Stability 

Results 


Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 


Marginal 


Resurge 


Resurge 


All test stable except as noted under "Stability Results" 
Bomb Location: distance from Injector face. 

Indicated values may be nominal. 


Resurge 

Resurge 

Resurge 
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TABLE XI 

(cont. ) 




ji 

i j ■ 

Series 

Test 

!c 

OZF 

lox 

^fuel 

Bomb 

Location 

stability 

Results 

ii 

H J 

1-9 (cont.) 141 

106 

2.0 

70 

200 

6 

Resurge 


‘ : 


142 

126 

1.65 

1 






Resurge 

. 



143 

no 

1.45 

1 






Resurge 

1 ! 

i 



XDT-2 Injector (no ring dams 2-1 through 2-5) 


i 

1 1 

♦ ' 'J 

2-1 

101 

123 

1.76 

70 


70 

None 




102 

123 

1.76 

70 


70 

None 



^ - 

2-2 

103 

127 

1.65 



200 

2 

Resurge 

1 ^ 

1 * 


104 

127 

1.45 







Marginal 

1 

j 

1 


105 

158 

1.66 







Resurge 




106 

102 

1.65 







r~ 



107 

114 

1.99 







Resurge 

i 

1 


108 

118 

1.85 







Resurge 

1 


109 

m 

1.90 




1 



Resurge 



2-3 

no 

125 

1.60 



135 


1 

{ i 



111 

116 

1.65 



200 



Resurge 

Ii 



112 

130 

2.00 



200 



Resurge 




113 

124 

1.70 




70 



Resurge 

1 j 


2-4 

114 

122 

1.68 




1 



i ! 



115 

139 

1.98 




1 


j 


. i 



116 

123 

1.73 



200 

i 






117 

136 

1.97 



1 


i 


Resurge 

! i 



118 

140 

1.45 



i 

1 


i 

1 

Resurge 

i ! 



119 

no 

1.95 



210 

1 

1 




2-5 

120 

140 

1 




70 



Blip 

1 ] 



121 

140 

1 



136 

! 


Resurge 

i 1 



122 

132 

1.51 



180 


i 

Resurge 




123 

no 

2.09 



214 


i 

Maroinal 




124 

122 

1.67 



208 


1 

Blip 



2-6 

125 

138 

2.10 



202 

6 


♦ i 



126 

136 

1.44 



209 







127 

109 

1.88 



214 





f 

1 


128 

107 

1.39 



217 




1 i 

i 


129 

122 

1.63 



217 







130 

125 

1.64 



220 




1 

1 


131 

119 

1.55 



210 

1 



» * 



132 

143 

1.98 



221 



Blip 



2-7 

133 

138 

1.90 

65 

193 




^ . 



134 

138 

1.90 



197 




II 



135 

137 

1.43 



195 







136 

109 

1.89 



190 







137 

108 

1.49 



191 







138 

123 

1.70 



214 



Blip 

j ' 

i. . 
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Series 


5-2a 

5-1 


5-2 


Test 


160 

161 

162 

163 

164 

165 

166 
167 

173 

174 

175 

176 

177 

178 
180 
181 
182 


122 

148 

146 

9d 

99 

76 

66 

66 

125 

100 

150 

150 

150 

100 

100 

150 

125 
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TABLE XI (cont.) 


-c m. 


ox 


fuel 


Mixed Element ector 


3-1 

144 

122 

1.70 


145 

123 

1.70 


146 

123 

1.70 


147 

120 

1.65 


148 

119 

1.70 


149 

124 

1.67 


150 

138 

1.87 


151 

138 

1.44 


152 

108 

1.88 


153 

107 

1.41 

3-2 

154 

125 

1.65 


155 

125 

1.45 

3-3 

168 

125 

1.64 


169 

150 

1.65 


170 

125 

1.64 


171 

140 

1.84 


172 

140 

1.65 

L 

4-1 

156 

125 

r 

1.65 


157 

140 

1.85 

5-la 

158 

122 

1.64 


159 

123 

1.86 


70 

70 


70 

200 


51 


208 


High aP In.1ector 


70 

70 


200 

200 


XDT-1B In.1ector 


1.49 

1.88 

1.46 

1.85 

1.53 
1.65 
1.69 

1.44 
1.71 
1.91 
1.48 
1.93 
1.93 

1.54 

1.45 
1.45 
1.65 


45 

44 

37 

41 

41 

41 

41 

70 

70 

70 

56 


57 

57 

56 

70 

70 

70 


205 

197 

198 
205 
214 
202 
200 
200 
200 
200 
200 
200 
204 
197 

199 
188 

200 
200 
200 


Bomb 

Location 


6 


None 

6 

2 


6 

6 


6 



6 


None 

None 

6 

6 

6 

6 


Stability 
Resul ts 


HI freq 

HI freq 
HI freq 
HI freq 
HI freq 


HI freq 
HI freq 
Resurge 

Resurge 

Resurge 

Resurge 


Chug 

Chug 

Marginal 

Resurge 


Resurge 

Resurge 

Resurge 

Resurge 
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Series 

Test 

5-3 

183 

184 

185 

186 

5-4 

187 

188 
189 

5-5 

190 

191 

5-6 

192 

193 

5-7 

194 

5-8 

206 

207 

208 

209 

210 
211 

5-9 

212 

5-10 

213 

214 

215 

216 

217 

218 

5-11 

219 

220 

5-12 

221 

222 

223 

224 

225 

5-13 

226 

227 

228 
229 

5-14 

230 

5-15 

231 

232 

233 

234 

235 

5-16 

236 

237 

238 

239 

240 


P 

C 

OIL 

125 

1.65 

125 

1.65 

100 

1.90 

150 

1.45 

125 

1.65 

100 

1.90 

150 

1.45 

125 

1.65 

150 

1.45 

125 

1.65 

150 

1.45 

150 

1.45 

125 

1.65 

150 

1.45 

no 

1.40 

150 

1.90 

100 

1.90 

125 

1.65 

150 

1.40 

125 

1.65 

150 

1.45 

100 

1.9 

100 

1.9 

150 

1.9 

100 

1.4 

100 

1.9 

1C 

)0 

1 

1.4 



J.9 

150 

1 

150 

1.4 

100 

1.9 

100 

1.4 

150 

1.4 

150 

1.9 

100 

1.4 

100 

1.4 

100 

1.9 

125 

1.65 

150 

1.4 

150 

1.9 

100 

1.4 

100 

1.9 

150 

1.4 

150 

1.4 

150 

1.9 


lox ^fuel 

70 200 

47 195 

47 190 

49 no 

70 200 


48 

204 

48 

194 

43 

193 

44 

197 

45 

178 

47 

190 

47 

190 

50 

159 

49 

179 

51 

179 

47 

177 

47 

180 

47 

'r 

1 

50 

1 

186 


182 

I 195 

48 188 

48 193 

49 218 

49 198 

50 200 

I 190 


Bomb 

Location 

None 

6 


None 

6 


6 


None 

6 


None 

6 
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stability 

Results 


Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 


Marginal 

Marginal 

Marginal 

Resurge 


Marginal 
Hi freq 
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TABLE XI (cont.) 


5-17 

241 

100 

1.4 


242 

150 

1.9 


243 

100 

1 


244 

100 

1 


245 

150 

1.0 

5-18 

246 

150 

1.4 


247 

• 

1.9 


248 

100 

1.4 


249 

\ 

1.9 

5-19 

250 

150 

1.4 


251 

1 

1.9 


252 

1 

1.9 


253 

100 

1.4 


254 

100 

1.9 

5-20 

255 

150 

1.4 


256 

150 

1.9 


257 

100 

1.4 


258 

100 

1.9 


259 

150 

1.4 

5-21 

260 

150 

1.4 


261 

150 

1 


262 

100 

1 


263 

150 

1.9 


264 

100 


5-23 

265 

150 

1.4 


266 

100 


5-24 

267 

150 



268 

100 



269 

150 

1.9 


270 

100 


5-25 

289 


1.4 


290 


1 



Mixed 

Elemei 

6-1 

179 

125 

1.65 

6-2 

195 

125 

1.65 


196 

110 

1.9 


197 

125 

1.65 


198 

1 

1 


199 

1 

1 


200 

150 

1.4 


201 

110 

1.9 

6-3 

202 

125 

1.65 


203 

110 

1.9 

6-4 

204 

125 

1.65 


205 

no 

1.9 


Bomb 

Location 


Hi freq 


Hi freq 


Hi freq 
Hi freq 

Hi freq 
Hi freq 
Hi freq 
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TABLE XI (cont. ) 


Series 


Test 



0/F lox ^fuel 
Like-Doublet Inlector 


7-1 

271 

150 

1.4 

70 

200 


272 

150 

1 


i 

190 


273 

100 

I 



200 


274 

150 

1.9 



201 


275 

100 

1.9 



192 

7-2 

276 

150 

1,4 



200 


277 

100 

1 






278 

150 

1 






279 

. 150 

1.9 





7-3 

280 

1 




2i 

)4 


281 

100 

1.4 



194 


282 

150 




196 


283 

100 

1.9 



196 

7-4 

284 

150 

1.9 



200 


285 

150 

1.4 






286 

100 

1.4 






287 

100 

1.9 





7-5 

288 

100 

1.4 






Bomb 

Location 


None 

10 


DXDTM Injector 


291 

125 

292 

100 

293 

150 

294 

100 

295 

150 

296 



297 



298 

1 

>5 

299 

165 

300 

135 

301 

135 

302 

135 

303 

165 

304 , 

135 

305 

150 

306 

150 

307 

65 

308 

100 

309 

150 

310 

125 

311 

150 

312 



313 



314 



315 

li 

)0 

316 



317 



318 

150 


1.65 70 

1.45 

1.65 

1.65 

1.4 

1.65 

1.4 

1.4 

1.25 

1.25 

1.25 

1.55 

1.55 

1.4 

1.55 

1.4 

1.65 

1.95 


1.4 


1.9 

1.4 

1.9 

I 


206 

202 

203 

217 

203 

185 

210 

200 


210 

222 

209 

201 

206 

200 


None 

I 

10 


None 


Stability 

Results 


Hi freq 
Hi freq 


Resurqe 


Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Resurge 

Chug 

Resurge 

Resurge 


Pop 

Pop 
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Test 



319 

320 

321 

322 

323 
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TABLE XI (cont.) 


M 

1.4 

1.9 

1.9 

1.4 

1.9 



70 


200 



DXDTl-2 In.iector 


9-l« 

R 

H 



324 

150 

1.4 

325 

150 

1.9 

326 

100 

1.9 

327 

100 

1.4 

328 

165 

1.25 

329 

165 

1.55 

330 

125 

1.65 

331 



1.9 

332 



2.25 

333 

100 

2.25 

334 

125 

1.41 

335 

125 

1.43 

336 

85 

2.25 

337 

125 

1.6 

338 

100 

1.4 

339 

150 

1.4 

340 

100 

1.9 

341 

150 

1.4 

342 

125 

1.4 

343 



1.65 

344 



1.9 

345 



1.81 

346 



1.9 

347 



1.65 

348 

150 

1.9 

349 

100 

1.9 


350 

125 

1.65 

351 

1 

1 

351 

150 

1.9 

353 

150 

1.4 

354 

100 

1.4 

355 

100 

1.9 

356 

150 

1.4 

357 

1 

1 

358 

150 

1.9 

359 

100 

1.4 

360 

100 

1.9 


70 


200 



224 

• 245 

68 229 

232 
205 
197 
216 
234 
221 
241 
240 
227 
196 
224 
224 


XDT-IC In.iector 
70 200 
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T 




Bomb 

Location 


Stability 

Results 


10 


Marginal 

Marginal 

Marginal 

Marginal 


10 


I Marginal ? 

I Marginal ’ 

10 5 
3 


10 


Resurge 


't 


i 


None 

10 


X 


% 


I 


T 


1 






Series 

10-4 

10- 5 

11 - 1 

11-2 

11-3 

11-4 

11-5 

11-6 


Test 

361 

362 

363 

364 

365 

366 

367 

368 

369 


150 

150 

100 

100 

100 

150 

150 

100 

100 
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TABLE XI (cent.) 


m. 

1.4 
1.9 

1.5 
2.0 
1.4 
1.4 
1.9 
1.4 
1.9 



I 


xnT-lC Injector 


370 125 

371 125 

372 150 

373 100 

374 100 

375 150 

376 100 

377 100 

378 150 

379 I 

380 I 

381 100 

382 100 

383 150 

384 

385 

386 


387 



388 



389 

100 

390 

100 

391 

150 

392 

100 

393 

150 

394 

100 

395 

100 

396 

150 

397 

150 

398 


- 

399 

150 

400 

100 

401 

150 

402 

100 

403 

150 


1.65 70 

1.9 I 


1.4 


1.9 

1.9 

1.4 

1.9 

1.4 

1.9 

1.4 

1.9 

1.9 

1.4 


1.9 

1.4 

1.9 

1.9 

1.4 


1.9 

1.9 

1.9 

1.4 

1.9 

1.9 

1.4 


200 


I 


Bomb 

Location 


10 


3 


10 

None 

10 


None 

None 

10 


None 

10 

10 

None 

None 

10 


Stability 

Results 


Marginal 


Marginal 

Resurge 

Resurge 

High freq 
Marginal 

Margi nal 
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TABLE XI (cont.) 




p 

T 

T 

Bomb 

Stability 

Series 

Test 

\ 

0/F 'ox 

'fuel 

Locatl on 

Results 

11-7 

404 

100 

1.4 70 

200 


0 

HI freq 


405 

100 

1.9 






406 

150 

1.4 






407 

100 

1.9 




HI freq 


408 

150 

1.9 





11-8 

409 

100 

1.4 




HI freq 


410 

100 

1.9 




Marginal 


411 

150 

1.4 






412 

150 

1.9 




Resurge 

11-9 

413 

100 

1.4 




HI freq 

11-10 

414 

100 

1.4 




Hi freq 


415 

150 

1.9 




HI freq 

11-11 

416 

200 

1.4 71 

225 





417 

200 

1.9 72 

220 





418 

250 

1.65 

218 





419 

300 

1.4 

227 





420 

300 

1.9 

217 





421 

143 

1.65 

207 





422 

131 

1.58 

200 





423 

122 

1.63 

200 



Chug 




XDT-1 Injector 




12-1 

424 

127 

1.66 70 

200 


10 
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IV, H. Conclusions (cont.) 

in greatly increased insight into both areas. A quantitative mod®l, based 
on these test results and described in Section XII, has been constructed to 
provide a more complete understanding of these factors. 
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X. FULL SCALE PERFORMANCE 
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X. 


A. INTRODUCTION 

This section discusses the performance analysis for 160 of 362 
tests conducted at ALRC to determine the performance level of eleven Injector 
configurations. Five different Injector patterns were tested as follows: 

(1) The XOTl pattern on seven units designated XDTl (without 
face ring dams), XDTl-A, XDTl-B, XDTl-C, demonstration injectors DXDTl-1, 

DXDTl-2, and a low pressure drop unit XDTl-LP. 

(2) The XDT2-A Injector pattern (XDT2-w1thout face ring dams 

was not analyzed for performance due to a high Incidence of resurge instability). 

(3) The unbaffled mixed element pattern ME-1 consisting of 
60% X-doublet and splash plate elements. 

(4) The mixed element pattern with integral baffles designated 

IBME-1 . and 

(5) The (non-platelet) like-doublet injector pattern which was 
designed and fabricated with ALRC IR&D funding, but which was also tested on 
the platelet OME Program. 

Testing was conducted under a variety of test conditions which 
Included the following: 

(1) Two basic chamber configurations (ll-1n. to 16-1n. heat sink 
and 13-1n. regen chambers). 

(2) Three nozzle configurations (15* conical nozzles with 2:1 
and 2.6:1 area ratios and a Rao contoured nozzle truncated at 2r:l area ratio). 

(3) Two different test stands (J-4 and A5). 
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X,A, Introductions (cont.) 


Variable operating conditions included testing with and without 
fuel film cooling* over an oxidizer inlet temperature range from 40 to 100*F, 
and over fuel injection temperature range from 140 to 240°F. A summary of the 
various Injector performances based on this analysis is presented as a function 
of chanber axial length in Table XII. Not all tests are included in the perform- 
ance sunnary because many tests were conducted primarily to evaluate combustion 
stability, acoustic cavity damping margin, or chug stability margin. 

Details of the performance analysis are presented in the following 
subsections. The specific test data and analysis results are presented in 
Section B, while the interpretation of the perfonnance results with respect to 
each other and WSTF test results is in Section C. A description of the data 
analysis and performance extrapolation techniques is included in Section 0. 


B. DATA ANALYSIS RESULTS 

The statistically averaged performance for each injector configuration 
and changer length tested is summarized in Table XII in terms of the nominal 
measured specific impulse extrapolated to the QMS baseline design configuration 
(55:1 nozzle area ratio) and operating condition (Pc = 125 psia and 0/F = 1.65). 
Table XII includes a description of the tested chamber configuration (length 
and coolant type), test series and run number, the total number of tests fired 
with each injector configuration, the nun^er of those tests analyzed for perform- 
ance, and nominal QMS performance together with any pertinent conments. 

A test-by-test analysis from which Table XII was derived is given for 
all performance tests in the data appendix at the end of this section (pages 219 
through 242.) This tabular summary contains a listing of the pertinent measured 
test parameters, calculated performance and injector hydraulic parameters, and 
extrapolated performance estimates. A description of the nomenclature used in 
the appendix is included in Table XIII which precedes it. 

The following parameters were determined to have first order influences 
upon delivered performance. 
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NOTE; (1) Ijp corrected to * 125 psia, 0/F » 1.65 and extrapolated to OMS baseline design (Regenerative Chamber/55:1 nozzle) 
(2) Questionable Thrust Data 



I. J: .1 


Report 13133-F'l 

X,B, Da^a Analysis Results (cont.) 

(1) Mixture Ratio > (0/F) - In the tested 0/F range from 1.4 to 
1.9, all injector configurations at all chamber pressures and all chamber lengths 
demonstrated monotonically increasing specific impulse at the higher mixture 
ratios. Delivered performance is approximately proportional to the ODK specific 
impjisr Indicating relatively constant energy release efficiency over this range. 

(2) Chamber Pressure, (Pc) - In the range from 90 to 150 psia 
chamber pressure, all injector configurations tested showed increased specific 
in>pu1se it higher Pc's. Only part of the performance increase at high Pc can be 
ascribe*, to a reduction of the nozzle kinetic lossj the remainder represents an 
ircreast in the injector energy release efficiency. 

(3) Chamber Length, (L^) - All injectors showed improvement in 
energy release efficiency at longer chamber lengths. The magnitude of perform- 
ance increase was on the order of +4 sec. I^p going from 12 in. to 16 in. axial 
chamber length. 

It can be seen by inspecting Table XII that the number of tests fired 
with I ach injector configuration varied widely from as few as a single test 
(XDTl-LP) up to as nuny as 133 tests (XDTl-C). Thus not all configurations have 
equal statistical significance although all injectors quote an "average perform- 
ance" and all averages were obtained using the Multiple Co-Variance Analysis 
Computer Program. In the paragraphs to follow, the data will be presented by 
injector configuration for units having the greatest numbers of tests and highest 
confidence level first with the expectation that similar injector configurations 
of like pattern prob.vly have similar performance characteristics. Discussion 
of subsequent uni .s will be primarily limited to differences rather than 
similarities . 


!• DXDTl-1 Injector 

A total of 46 tests were conducted with the OXDTl-1 (DEMO-1) 
injector of which 36 tests have been analyzed to determine its performance 
characteristics. Results from all platelet injector tests have been statistically 
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X, B, Data Analysis Results (cont.) 

correlated with the multiple covariance computer program to determine the effects 
of mixture rjtio and chamber pressure on specific impulse. The variation of 
specific impulse with mixture ratio and chamber pressure for the DXDTl-1 injector 
in a 16 in. L' chamber is shown in Figure 81. The performance characteristic 
shown in Figure 81 is typical of all injectors; i.e., increasing specific impulse 
at higher mixture ratio and higher chamber pressure. The best fit correlation 
equation picked by the multiple covariance program through all the DEMO-1 test 
data is also shown on Figure 81 and the correlation influence coefficients are 
given as a function of Pc, 0/F, and (0/F) . 

2. DXDTl-2 Injector 

The DEMO-2 injector is identical in design and was fabricated 
as a carbon copy of the above DEMO-1 injector. Thus, by every expectation it 
should behave identically to DEMO-1. In fact. Table XII shows that their differ- 
ence in nominal Isp is only 0.2 sec lower for DEMO-2 which is well within the 
experimental accuracy. The DEMO-2 performance shown in Table XII is very similar 
to Figure 81. One set of additional data obtained with DEMO-2 in a 12 in. L" 
chamber is shown in Figure 82. A performance reduction of approximately 5.5 sec 
is indicated with the shorter chamber. 


I 

¥ 

% 





I 

I 

1 

I 

I 

I 

I 


3. XDTl-C, -B, and -A Injectors 

One hundred and thirty-three tests were conducted on the XDTl-C 
injector. An additional eight tests were conducted in the high contraction ratio 
(reduced throat diameter) chamber which will be discussed separately. Many of 
these tests were conducted for stability objectives and performance data were not 
analyzed. The 19 test' which were analyzed for performance in a 16 in. chamber 
are plotted on Figure 83. 

Also shown on Figure 83 are the 26 data points obtained with 
the XDTl-B injector. It was observed that often the first test of the day showed 
wider scatter (generally lower) than the other tests within the correlation. 
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Figure 81. Specific Impulse Obtained with the DXDTl-1 Injector with 
16 in. Chamber Length Configuration 
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Figure 83. Specific Impulse Obtained with XDT1-A, -B, -C Injectors with 
16 in. Heat Sink Chambers 
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X|B. Data Analysis Results (cont.) 

Testing was terminated after only 2 tests on the XDTl-A 
Injector. The performance for these 2 tests are also shown on Figure 83. 

The specific Impulse of the XDTl-A Injector appears to be approximately 4 sec. 
lower than for XDTl-C. 

Mixed Element Injectors 


In order to attempt to reap the high performance benefit of 
the splash plate element which was dononstrated at the single element and sub- 
scale thrust levels together with the excellent chamber compatibility and 
benign combustion stability characteristics of the X-doublet, two mixed element 
Injector pattarns were fabricated and tested. The patterns consisted of approxi- 
mately 60% X-doublet elements distributed around the chamber wall and along the 
baffles of the Integral (3-bladed) baffle unit for compatibility, and at the 
injector axis for stability because of local sensitivity to the first radial 
mode. The remaining 40% splash plate elements were placed within the injector 
core away fron solid boundaries. 

Although persistent low amplitude combustion Instability was 
triggered during bomb testing by both units, performance was summarized for stable 
tests and Is shown for both Injectors on Figure 84. The (unbaffled) ME-1 
Injector specific Impulse Is 3 to 4 sec. higher than XDT injectors in 16 in. 
chambers. Limited testing In a 12 In. chamber indicated that its performance is 
comparable to XDT injectors in 16 in. chambers. The higher performance of the 
ME-1 injector (and its degraded stability) must be attributed to the splash plate 
injection elements. 


The baffle length of the Integral baffle unit, IBME-1, 
apparently was Insufficient to suppress the IT-mode Instability. In spite of the 
splash plate elements, its performance was only comparable to other XDT injector 
performances. The reason for the lower performance of the Integral baffled unit 
is suspected to be caused by a greater mixture ratio maldistribution loss (probably 
on the order of 4 sec. Isp). The experimentally measured oxidizer pressure drop to 
regeneratively cool the Integral baffles was 115 psid; this excessive value resulted 
from weld penetration Into the flow passages. The oxidizer outflow from the baffle 
coolant fed directly Into the oxidizer manifold and the high baffle outlet velocity 
head probably degraded the oxidizer injection distribution. 
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X,B, Data Analysis Results (cont.) 


5. XPT2-A Injector 

The XDT2 pattern is identical to the XDTl pattern in all 
respects except in the outermost compatibility row element orientation. The com 
patibility row comprises 13X of the total injection elements. Extrapolated 
performance for both 12.8 and 16. A in. chamber lengths is shown on Figure 85. 
for the XDT2-A injector (dynamically stable with injector face ring dams). 

Initial testing of the XDT2 injector configuration without 
face ring dams resulted in repeated resurge instabilities. Due to the instabi- 
lities which could affect injector performance, performance analyses were not 
conducted for this configuration. 



Other Platelet Injectors 


The XDTl injector was the first platelet assembly fabricated 
and tested on the OME Program. Many different parameters were evaluated on this 
initial unit such as 0 to 15% fuel film cooling, 11 to 14 in. heat sink chamber 
length, 12.9 in. regeneratively cooled chamber with a 20:1 area ratio truncated Rao 
contoured nozzle, with both ambient and facility heated fuel. Although many 
diverse test configurations and operating conditions were evaluated, the quantity 
of data for any one test condition is scant thus precluding statistical correlation 
with the multiple covariance computer program. The performance data which were 
obtained, however, are reported in Table XIV and are plotted on Figure 86. A 
further complication is that the importance of face ring dams had not been recog- 
nized prior to testing this first unit without dams; thus, the occurrence of resurge 
instability further reduced the number of valid performance tests. 


The influence of low injector pressure drop upon performance 
and stability was intended to be evaluated with a variation of the XDTl pattern 
designated XDTl-LP late in the OME Program. After one test firing on this injector, 
an interpropellant manifold leak was discovered across the platelet stack and 
further testing was terminated. Based upon performance data for this one test 
(6K-2B-424) no difference was noted in comparison with other XDTl injector con- 
figurations. 
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X,B, Data Analysis Results (cont,) 

The effect of higher contraction ratio on OME stability was 

also evaluated. Increasing the contraction ratio without increasing injector/ 

chamber diameter necessitated a reduction in throat diameter. To keep P constant 

c 

would have required a reduction in the number of injection elements, if the nominal 
injection velocities were to be maintained. Since an injector face plate with fewer 
orifices was not avail aole it was necessary to operate at higher pressures. Thus 
the XDTl-C injector was used at chamber pressures from 120 to 300 psia, to evaluate 
chug stability margin. At comparable injection velocities the chamber pressure 
with the high CR chamber is approximately twice the nominal value. The relative 
effect of upon performance is similar to the characteristic observed with all 

of the other injeccors as shown on Figure 87. To extrapolate the high CR perfor- 
mance to nominal OMS operating conditions, the nozzle kinetic and boundary layer 
losses were evaluated at P^ = 125 psia; but the injector energy release efficiency 
was evaluated at nominal design injection velocity, i.e., high CR chamber P^s: 250 
psia. Furthermore, the test nozzle exit area ratio for the high CR chamber was 
2.6:1 instead of nominal 2:1 for other sea level tests. 

7 . Like-Doublet Injector 

The like-doublet injector was the only non-platelet injector 
evaluated on the OME Program. This conventional injector was designed and fabricated 
on an ALRC funded program. Only the tests conducted on the OME program are included 
in Tables XI and XIV and in Figure 88. 

The like-doublet injector demonstrated excellent high frequency 
stability characteristics, adequate chug margin and its performance was equivalent 
to the X-doublet platelet injectors. 

C. PERFOPMNCE COMPARISON 

Four of the injector configurations listed in Table XII were tested 
both at sea level with 15° conical nozzles having 2:1 area ratio at ALRC, and 
tested with high area ratio contoured nozzles in the WSTF altitude facility. A 
comparison between their respective performances is shown in the table below. 
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X,C, Performance Comparison (cont.) 

COMPARISON OF ALRC PERFORMANCE WITH WSTF DATA 


Injector Configuration 

L' (in) 

ALRC 

WSTF 

XDT2-A 

12.9 

311.8 

312.6 

XDT2-A 

16.4 

316.7^^^ 

314.1 

DXDTl-1 

16 

313.4 

316.7 

DXDTl-2 

16 

313.2 

318^^^ 

Like- Doublet 

16 

314.7 

316.6 


Notes: (1) Questionable Thrust Data 

(2) Questionable Performance; Known Intermanifold Leak 



The like-doublet and DEMO-1 injectors delivered 2 and 3 sec. higher 
Isp, respectively, at the WSTF compared to ALRC sea level extrapolations to the 
nominal OMS design and operating conditions. This difference is probably due to 
the limitations of the performance extrapolation technique from 2:1 nozzle area 
ratio to 55:1. The XDT2-A performance in the shorter chamber shows the closest 
agreement between ALRC and WSTF performance data of all the configurations listed. 
The longer chamber ALRC data with the XDT2-A injector is suspect. The thrust 
measurement cell was replaced subsequent to these tests. Finally, the DEMO-2 
data at WSTF is questionable due to a face plate delamination and interpropellant 
manifold leak which is known to have occurred. Overall, the WSTF performance at 
least equals or slightly exceeds ALRC performance extrapolations from low area 
ratio sea level testing. Furthermore, the like-doub’st performance and platelet 
XDT injector performances are equivalent as determined by WSTF altitude testing. 

A comparison can also be made between the ALRC performance extra- 
polations for the various injector configurations summarized in Table XII . Briefly, 
the performance sutmiary shows that for an equivalent 16 in. chamber length at 
OMS conditions, eight of the eleven configurations tested delivered between 313 
to 315 sec. specific impulse. Of the two injectors which exceeded this performance 
range, only the mixed element injector is known to have a distinct performance 
advantage due to the high-performing splash plate elements. The XDT2-A thrust 
data is suspect as mentioned previously. 

Page 211 





T 

r 






A % .V ill- 'rrinmiK<i*Migri'r||iiV>ii, iTii. "r 






Report 13133-F-l 

X,C, Perfonriance Comparison (cont.) 

Of all the injector configurations tested, only XDTl-A failed to 
achieve the above performance range. Only 2 tests v/ere c inducted with this 
flit. Further testing was discontinued due to a high injector pressure drop 
which exceeded the OME pressure schedule whir*' prevailed at that time. In 
retrospect, the high aP may have resulted from inaccurate alignment of the 
platelet injector pattern to itself or relative to the injectc** minifold lands 
during bonding which might have resulted in partial element blockage and local 
mixture ratio maldistribution performance losses. 

In the 12.8 in. length chamber, no difference was discernible between 
the XDTl and XDT2-A injector patterns. 

D. ANALYSIS AND EXTRAPOLATION TECHNIQUES 

Analytical techniques have been used to extrapolate the test per- 
formance from its particular test configuration to a common OMS flight con- 
figuration. Statistical analysis techniques were also used to establish 
nominal performance values for a given test series and to derive influence 
coefficients for the effects of mixture ratio and chamber pressure on per- 
formance. A description of these techniques is included in the following 
paragraphs. 


Analvtical techniques used for the analysis and extrapolation of 

test performance are based on the simplified procedures first identified in 

the ICRPG Liquid Propellant Thrust Chamber Performance Evaluation Manual^ 

2 

and further developed by Powell . Briefly, these techniques utilize test data 
and estimated perfect injector performance for the hardware configuration and 
conditions tested to establish the injector energy release performance 


Vieper, J. L., ICRPG Liquid Propellant Thrust Chanter Performance Evaluation 
Manual, CPIm No. 178, September 1968 

Powell, W. B. , Simplified Procedures for Correlation of Experimentally Measured 
and Predicted Thrust Chamber Performance, JPL TM- 33-548, April 1, 1973 
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X, D, Analysis and Extrapolation Techniques (cont.) 

efficiency. This energy release efficiency is then used together with an 
estimated perfect injector performance for the OMS flight configuration to 
provide the extrapolated flight configuration performance estimate. This 
procedure results in the estimate of energy release efficiency for all test 
conditions and compensates for the effects of various test configurations on 
specific impulse. As a result, it provides a common performance estimate for 
all test configuration nozzles (2:1 conical, 2.6:1 conical or 20:1 contoured 
nozzles) and combustion chambers (heat sink or regeneratively cooled) used during 
the test program. 

Perfect injector performance is determined through an evaluation 
of the one-dimensional kinetic performance and an estimate of the boundary 
layer and divergence performance losses for the specific test confiouration 
(area ratio, size and contour) and operating conditions (P , 0/F, T ). Thus, 

V# |J I 

^sp Perfect “ ^sp (ODK) ^^sp B.L. " ^^sp Div 
Injector 0 Test Conditions 

The energy release loss is then determined from the difference between the 
perfect injector and test calculated specific impulse, i.e., 

^^sp ERL “ ^sp Perfect " ^sp Test 
Injector 

and energy release efficiency has been defined as, 

ERE = ^sp (ODE) ~ ^^sp ERL 
^sp (ODE) 

Since the OME XDT injector energy release efficiency is primarily 

3 

mixing-limited , a simple energy release extrapolation was developed which would 


^Injector Final Design Review , ALRC Report No. 6673:064, PDRD SE02B-10, pp 112-153, 
15 August 1974 
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X, D, Analysis and Extrapolation Techniques (cont.) 

reproduce the performance variations with area ratio which result from a mixing 
limited or mixture ratio maldistributed combustion process. Briefly, the 
energy release loss for any test condition is simulated by the mixture ratio 
distribution performance loss of a simple two zone stream tube distribution. 

A parameter, (included in Table XIV), is selected such that the mass weighted 
ODK of a two zone distribution results in the test energy release loss. The 
mixture ratio and mass flow ratio in each stream tube are calculated as a 
function of EM and the test mixture ratio (0/F) as follows: 


1 



"1 

I 


T 


• ■ s 
1 


; I 

0/F Zone 1 = EM * 0/F • | 

0/F Zone 2 = 0/F/EM I 

Mass Fraction Zone 1 = (1.0 + 0/F * Ejjj)/(1.0 + E^) (1.0 + 0/F) .! 

Mass Fraction Zone 2 = 1.0 - Mass Fraction Zone 1 


The E„ selected in this manner is then used to calculate the energy release 

loss at the baseline nozzle area ratio (r = 55) using the same technique and 

the ODK I for the t = 55 condition, 
sp 

The boundary layer performance losses for the various test con- 

4 5 

figurations were calculated from the Turbulent Boundary Layer and BLIMP -- 

Computer Programs. The boundary layer performance loss for the regenerati vely 

cooled chambers was approximated by neglecting the heat flux from the boundary 

layer to the regenerative coolant (fuel flow) and using ODE and ODK specific I 

impulse based on propellant tank temperatures. Generally, the performance loss 

^ * 

resulting from the heat flux to the fuel coolant is approximately equal to the | 

performance increase resulting from the increased fuel enthalpy. It is possible. 


\eingold, H. D., The ICRPG Turbulent Boundary Layer Reference Program , Pratt & 
Whitney Aircraft, July 1968. 

5 

Evans, R. M. , and Morse, H. L., Boundary Layer Integral Matrix Procedure Co de 
Modifications and Verifications , Aerotherm Final Report 74-95, Contract 
NAS 8-29667, March 1974. 
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X, D, Analysis and Extrapolation Techniques (cont.) 

however, that the injector performance is altered because of the increased fuel 
temperature (improved fuel vaporization, blowapart, etc.) and this effect is 
then justifiably included in the calculated energy release efficiency. For 
the heat-sink chamber configurations, the boundary layer loss includes the 
effects of the heat flux to the chamber walls. The effects of regenerative 
cooling are simulated by heating the fuel for the heat sink chamber tests and, 
in that case, the ODE and ODK specific impulse values are based on the injection 
propellant temperatures. 

The divergence performance loss is calculated as follows: 

^^sp Div “ ^sp * !~Md ‘ 

Test 

where ETAD is the nozzle divergence efficiency calculated from the TDK computer 
program using the ideal gas option. The following values of ETAD were calculated 
for each of the test configuration nozzles: 


Nozzle 

Area Ratio 

ETAD 

15® Conical 

2:1 

.9840 

15® Conical 

2.6:1 

.9865 

Rao Contoured Cut-Off 

20:1 

.9390 

OMS 

55:1 

.9906 


The techniques described above were used in the, analysis of all test 
data. The nomenclature used in the performance summary is shown in Table XIII 
and the summary of the test-by-test data is presented on pages 218 through 242. 

Statistical analysis techniques used to establish nominal performance 
values and parametric influence coefficients are based on a One-Way Multiple 
Covariance Analysis Computer Program. Standard multiple regression and covariance 
techniques are used and individual group, parallel plane, and single plane 
analyses are made. The analysis of covariance table, estimated components of 
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X, D, Analysis and Extrapolation Techniques (cont.) 

variance, tests of hypotheses and adjusted dependent means are included in 
the program output. All average values and data correlations given in the 
previous section were determined using the Multiple Covariance Computer Proaram. 
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TABLE XllI 

nomenclature used in performance summary 

Test Test series, sequence, number 

Tine Deta period end time (sec) 

P^ Chamber pressure (psia) 

MRC Core mixture ratio 

MR Overall mixture ratio 

FFC Fuel film cooling percentage (X) 

CSTAR Test characteristic velocity (ft/sec) 

CSTART ODE C* at test condition (ft/sec) 

* C* (CSTAR/CSTART)* 100 

ISPV Test vacuum specific Impulse (lbf*sec/lbm) 

ISPT ODE Isp at test condition (Ibf-sec/lbm) 

% Isp (Ispv/Ispt)* 100 

KL Kinetic loss (sec) 

DL Divergence loss (sec) 

BL Boundary layer loss (sec) 

FCL Film cooling loss (sec) 

ERL Energy release loss (sec) 

ERE Energy release efficiency (thrust based) 

Isp'SS Extrapolated OHS configuration Isp 

Fu./. Test vacu"m thrust (Ibf) 

wo Test oxidizer flowrate (Ibm/sec) 

WF Test Injector fuel flowrate (Ibm/sec) 

WFC Test fuel film coolant flowrate (Ibm/sec) 

WT Total flowrate ilbm/sec) 

DPOJ Oxidizer Injector pressure drop (psid) 

OPFJ Fuel Injector pressure drop (psid) 

VOX Oxidizer Injection velocity based on OPOO (2 aP/p)^^^ 

VF Fuel Injection velocity based on DPFJ (2 aP/p)^^^ 

KWO Oxidizer Injector admittance W0//DP0J ♦ Spgo 

KWF Fuel Injector admittance WF//DPFJ • Spgt 

TW Gas-side wall temperature (®F) 

TO Oxidizer Inlet Temperature (®F) 

TF Fuel Inlet temperature (•F) 

TFO Fuel Injector temperature (®F) 

Energy release m1>1ng limited factor 

EREE Energy release efficiency for OMS baseline configuration corresponding 

ERC Chamber pressure based energy release efficiency per MPL TH 33-548 

MRE Mixture ratio for extrapolated Isp 

FFCE Film cooling percentage for extrapolated Isp 

ODE One-dimensional equilibrium Isp for extrapolated condition 

ODK One-dlmenslonal kinetic Isp for extrapolated condition 

CFCL C* fuel film coolant loss (ft/sec) 
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XI. FULL SCALE HEAT TRANSFER 

A. INTRODUCTION 

This section discusses the heat transfer analysis of the full scale 
tests at ALRC. Since most of the testing was done with uncooled combustion 
chambers, the typical result of the analysis 1s an axial profile of heat 
flux or heat transfer correlating coefficient values. These parameters are 
determined from the transient response of thermocouples located on the gas-side 
wall. The response is used as a boundary condition In a one-dimensional radial 
finite difference conduction network; this analytical technique has proven use- 
ful In the past and was confirmed in the present case by means of a two- 
dimensional model that accounted for axial conduction effects. Agreement between 
the one- and two-dimensional models was excellent. 

In addition to the results of the chamber heat transfer analysis, 
there will also be a discussion of the mini-skirt data, inferred cavity environ- 
ment, injector face temperature levels, and the baffle heating experienced In the 
integral baffle injector tests. A comprehensive analysis of regenerative chamber 
heat transfer as determined in WSTF testing has been presented previously,^ 

B. CHAMBER HEAT FLUXES 

1. XDT-1 Injector 

Heat fluxes have been Inferred from thermocouple responses on 
six heat sink tests run with the full-scale XOT-1 Injector, three with film 
cooling and three without. These results are shown in Figure 89 which also 
Indicates the characteristics of the XDT subscale unit and a conventional unlike- 
doublet IR&D injector. Significant differences are noted between the subscale 
and full scale XDT Injectors with no film cooling. The subscale unit provided 


1 WSTF Test Report, ALRC Report 13133-S-l, 12 December 1973 

2 1974 WSTF Test Report, ALRC Report 13133-S-3, 1 April 1975 
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XI ,B, Chamber Heat Fluxes (cont.) 


a liquid fuel film for about 1.6 in., followed by a transition (mixing) region 

2 

in which the heat flux increased to about 2.0 Btu/in sec, a typical cylindri- 
cal section value for a number of injector types. Although the full scale data 
do not indicate the presence of a liquid film, no thermocouples were located 
within 1.6 in. of the injector face. However, a low mixture ratio region is 

seen to persist for at least five inches with the full scale unit; in this 

2 

region the heat flux never exceeds 1.1 Btu/in sec. It is followed by a mixing 
region in which the flux increases to 1.6 - 1.8 Btu/in^sec. Applying a non- 
reactive heat transfer coefficient correlation inferred downstream of this 
mixing region, the low heat flux data indicate the wall mixture ratio in the 
initial five inch region is about 0.6. After about seven inches, mixing is 
complete and the XDT-1 data in the remainder of the cylindrical section and 
in the convergent section agree with the lower end of the IR&D data range. 
Throat thermocouples were inoperative on these tests, but downstream of the 
throat the XDT-1 and IR&D data ranges are similar. 



Three tests with fuel film cooling are included in Figure 89* 
with the coolant flow ranging from 9-15 percent of the fuel flow. A liquid 
film length of at least 2.5 in. is observed in each case. Downstream of the 
liquid film significant reductions in heat flux compared to no film cooling 
are noted; these reductions extend into the expansion section. 

2. XDT-2 Injector 

Chamber heat fluxes for the XDT-2 inject<>r are shown on \ 

k 

Figure 90 as a function of circumferential location at axial distances of 3.9 

and 4.9 in. from the injector face. All data were obtained on a 4-inch L* > 

section, since other thermocouples were inoperative. A good comparison with 

XDT-1 heat flux data is not possible since the latter were obtained at only 

two circumferential locations. At these locations, the XDT-1 heat fluxes 4 

were independent of axial position for a distance of at least 5 in; these 

fluxes are shown on Figure 90 for comparison with the XDT-2 data. It is ? 
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XI, B, Chamber Heat Fluxes (cont.) 

noted that the low flux XDT-2 data at 30, 150, 210 and 2/0 degrees from the 
fuel Inlet agree with the XDT-1 results. However, significant hot streaks are 
observed at 60* and 300®, with smaller flux Increases at 90, 120 and 330 degrees. 
All four locations at which both axial positions were Instrumented Indicate an 
Increase In flux at the downstream position. Therefore, the low mixture ratio 
zone established at the wall does not persist as far downstream with XDT-2 
as It did with XDT-1. The XDT-2 data ranges for Test 138 are shown on Figure 
89 at the appropriate distances from the Injector face to provide further com- 
parison with XDT-1. 

3. Mixed Element Injector 

Figure 91 shows the heat flux results for five tests with the 
mixed element Injector. The large spread in the data Is caused by the wide 
range of operating conditlonscovered by these tests and by the instability 
associated with Test 151. Also shown In Figure 91 are the data ranges for the 
X-doublet Injectors and two IR&D conventional doublet Injectors. Figure 92 
provides a more meaningful comparison of Injector effects by shifting the 
Injector feces to a common location; Figure 91 should be used to compare results 
In the convergent section and throat region. Mixed element heat fluxes are 
In general agreement with the conventional doublets throughout the chamber. 
X-doublet fluxes are Initially lowe** due to the low 0/F zone noted previously, 
but Figure 92 indicates that all injectors are similar after about -7-8 inches. 

Of particular Interest Is the comparison of the mixed element 
Injector with the X-doublet units. The operating conditions of Test 152 on 
Figure 91 correspond closely with those for the XDT-1 data. Figure 93 compares 
the data from this test with the XDT-1 data range from Figure 85^ the latter 
have been shifted In the Injector-affected zone to provide a common Injector 
face location. Also shown In Figure 93 are the mixed-element throat data from 
Test 149 and the heat flux range which matched nominal regen chamber throat 
wall temperatures with the XDT-2 Injector. The mixed-element fluxes are 
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XI, B, Chamber Heat Fluxes (cont. ) 

initially about 40 percent higher than those for XDT-1, but after about seven 
inches the cylindrical section data are in good agreement. At tie start of 
the convergent section, mixed element fluxes are slightly higher chan XDT-1 
values: they are also a little higher in the throat than the XOT-2 fluxes 
inferred from regenerative chamber data. 

Figure 91 also includes a heat flux prediction for Test 149 
using the Turbulent Boundary Layer Computer Program. This prediction is in 
reasonable agreement with the data after about 8 inches, although it is 
slightly low in the throat. 

4. OXDTl-1 Injector 



Figure 94 shows the axial distribution of heat flux for the 
demo injector DXDTl-1; the trends shown are generally consistent with the 
above XDT-1 data. A low flux region is evident; within four inches of the 
injector face. Flux levels in this region are similar to XDT-1, but show a 
rapid increase with axial distance compared to the relatively uniform flux of 
XDT-1. This perturbation may have been caused by the acoustic cavity overlap 
ring, which created a discontinuity in the chamber inside diameter. The 
transition to the high flux region is much more gradual in Figure 94 than for 
XDT-1, although the ultimate flux levels are consistent. For DXDTl-1 this 
transition occurs over a 5-6 in. length, compared to about 2.5 in. for XDT-1. 
In both cases a reduction in flux is observed at the end of the cylindrical 
section, with the DXDTl-1 reduction being somewhat smaller. 

Figure 94 clearly shows the increases in heat flux associated 
with increases in chamber pressure and mixture ratio. These variations are 
exhibited by all the demo injector data and are consistent with the gas-side 
wall temperature variations vjserved at WSTF with XOT-2 injector on the regen 
chamber. 
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XI, B, Chamber Heat Fluxes (cont.) ^ 

i 

Figure 95 gives the circumferential heat flux variation ob- ■% 

tained from the special L* section with XOTl-2. Similar data which were 
obtained at approximately the same axial location were presented in Figure 90 
for the XDT-2 pattern. The present data are much more uniform, although a 
streak is observed in the 60-80® region. The thermocouple at 260® is probably 
in error, since such low fluxes have never been observed at this axial position 
with either the present or previous data. Differences between the two rows 
of thermocouples are evident on Figure 94; these differences appear to be ? 

consistent with the scatter in Figure 95. 

5. DXDTl-2 Injector • 

The axial variation in heat flux for DXDTl-2 is shown in 
Figure 96; data ranges from Figure 95 are included for common test conditions. 

Comparison of Figures 94 and 95 reveal the same trends for both injectors. This 
is shown in detail in Figure 97, which includes data from both injectors at 
common test conditions. Good agreement is noted between the circumferential 
data on OXOTl-2 and the data obtained just upstream with the -1 injector. 

In the transition and high flux regions the -2 injector gives slightly 
lower fluxes than the -1 unit. 

6. High Contraction Ratio Chamber 

Heat fluxes inferred from the high contractioi .'atio chamber, 
i.e.. Tests 417-420, are shown on Figure 98. Comparison of the four tests 
indicates heat flux increases with chamber pressure and mixture ratio consis- 
tent with previous data. B-row fluxes are readily lower than A-row i.i the 
cylindrical section; however, at the start of the convergent section, B-row 
values are higher. Approaching the start of the convergent section, A-row 
heat fluxes decrease consistent with most previous data. However, B-row 
fluxes increase; in one previous case (XDT-IB), heat fluxes were unchanged, 
but this is the only time an increase in heat flux has been observed at 
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Figure 98. Heat Flux Data for the High Contraction Ratio Chamber 
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XI, B, Chamber Heat Fluxes (cont.) 

the start of convergence. The C location at the throat indicates much lower 
fluxes than corresponding or adjacent A- and B-row data. 

Test 418 approximates the total flow rate of previous tests 
at 125 psia chamber pressure, so that the cylindrical section experiences the 
same mass velocity as previous nominal tests. Comparison of these data shows 
that the high-pressure heat fluxes are slightly higher. 

C. CHAMBER HEAT TRANSFER CORRELATING COEFFICIENT 

1. XDT-1 and XDT-2 Injectors 

Heat transfer correlation coefficients have been inferred 
from the heat flux data of Figures 90 and 91 using the following reactive models: 





« * 






i 


1 


♦ = 0.026 Cg 

where (j> is the heat fluX; '1 the correlating coefficient, p the density, u i 

M ” 

the free scream velocity. Re the Reynolds Number, Pr the Prandt Number, and 
H the enthalpy, with all film properties (subscript f) evaluated at 0.5 
(T + T ). All properties were evaluated at the overall mixture ratio; thus, 
the low mixture ratio region near the injector is represented by an artificial 
reduction in correlation coefficient. Figures 99 and 100 show the range of C^ 
results obtained. Initial results are those for the XDT injectors; uni ike-doublet 
results are shown in the throat region. Since the heat sink testing was 
conducted with a conical nozzle, correlation coefficients inferred from the 
regenerative chamber wall temperature data are shown downstream of the throat; ’j 

these results are consistent with the heat sink data in the throat region. 

The Cg reduction observed in the convergent section is typical and results ! 

from flow acceleration effects in the boundary layer. Figure 99 also shows 
the XDT-2 correlation coefficient curve which satisfactorily predicts regen 
chamber characteristics for nominal operating conditions. In the first part ** 
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XI, C, Chamber Heat Transfer Correlating Coefficient (cont.) 

of the cylindrical section this curve was developed from the shape of the 
XDT-1 data and circumferential integration of the XDT-2 data. 

Figure 100 shows the correlation coefficients for the corres- 
ponding nonreactive model: 

♦ = 0.026 - T„) 

The tighter correlation of the data that results from the reactive model is 
apparent. 


2. DXDTl-1 and DXDTl-2 Injectors 


The correlating coefficient profiles for the demo injectors, 
as determined in regeneratively cooled chamber tests at WSTF, are shown in 
Figure 101 . 

D. MINI-SKIRT HEAT FLUXES 

Heat fluxes were inferred from mini-skirt thermocouple responses 
on six ALRC tests, both with and without film cooling. Figure 102 shows these 
results for a wall temperature of 600“F as a function of axial position; an 
additional thermocouple location at the start of the flange was not utilized 
due to the uncertainties associated with predicting conduction into the flange 
region. A small reduction in heat flux due to film cooling is noted. 

Heat transfer correlation coefficients have been determined from 
the nominal test with no film cooling using the nonreactive model with all 
film properties evaluated at 0.5 (T^^ + T^). Use of this reference tempera- 
ture provides good correlation of the effect of wall temperature on heat flux. 
This is especially important since the present skirt data must be extrapolated 
to considerably higher wall temperatures for design application. Figure 103 



0.026 C 
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Figure 100. Heat Transfer Correlation Coefficients - Non-Reactive 
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XI, C, Chamber Heat Transfer Correlation Coefficient (cont.) 

shows the resulting correlation coefficients as a function of area ratio and 
includes a point at area ratio 1.54 inferred from regen chamber wall tempera- 
ture measurements. The latter point is consistent with the mini-skirt data; a 
slight reduction in Cg with increasing area ratio is observed. 

E. CAVITY ENVIRONMENT 

Cavity gas temperatuie values are not easily generalized, partly 
because of the wide variation of measured values with operating point and inlet 
condition, partly because of the large and rapid fluctuations that were exper- 
ienced even within a single firing, and partly because of the unreliability of 
the indicated thermocouple responses. Nevertheless, the cavity gas temperatures 
measured with the XDT-1 pattern injectors were typically in the range of 800 
to 1400*F, with numerous indications of fuel saturation temperature, i.e., 300 
to 400°F, being evident. TSe XDT-2 pattern injectors typically produced much 
higher cavity temperatures, usually in the range of 1800 to 2200°F. No fuel 
saturation temperatures were experienced. No doubt the lower temperatures 
measured with the XDT-1 pattern are due to the orientation of the outer row 
of fuel elements, which causes the edge of the fuel fan to splash directly into 
the cavity. 


More important from the standpoint of hardware design is the 

actual heat flux level. Based on gas-side thermocouple responses taken 

around the »viiy, the :orresponding heat fluxes have been inferred by means 

of a two-dimensional axially symmetric conduction model. Figure 104 shows the 

flux levels determined for the XDT-2 pattern, which produced the higher cavity 

gas temperatures, based on 1973 WSTF results. All fluxes indicated in the 

2 

figures have the units of Btu/in sec. The flux on the side of the cavity 
partition, which is not shown, is estimated to be 0.07, half the value of 
the top surface of the partition. 
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XI, Full Scale Heat Transfer(cont. ) 

F. INJECTOR FACE ENVIRONMENT 

Injector face temperatures were measured by as many as four thermo- 
couples on various units tested. Typical face temperatures were running from 
500 to 750®F, depending on exact location, propellant temperature and operating 
point. Figure 105 displays the maximum face temperatures measured with the 
XDT-1 Injector as a function of mixture ratio. 

A three-dimensional conduction model of a very local region of the 

Injector face and ring manifold wall was created to allow some Interpretation 

of these data, that Is, to determine face flux levels. Typical calculated 

o 

fluxes ranged from 1.5 to 2.0 Btu/in sec. A reasonably good correlation of 
calculated flux versus mixture ratio and changer pressure was achieved. This 
Is shown In Figure 106. 

6. BAFFLE HEAT TRANSFER 

The mixed element-integral baffle Injector had only a few test 
points that were not unstable; consequently, the amount of meaningful baffle 
heat transfer data Is somewhat limited. The baffle had a significantly higher 
pressure drop for the oxidizer coolant than was predicted, 115 psid as com- 
pared to 48 psid. This was due to weld penetration In each of the baffle legs. 

Valid heat transfer data were obtained In only three tests: two 

at nominal conditions, the other one at high P and low 0/F. Steady-state 

baffle outlet temperatures were achieved in 1,3 sec, with a nominal bulk 

temperature rise of 12°F. The predicted rise was 18°F, Indicating that ihe 

thermal environment was less severe than anticipated. Total heat pickup is 

given In Figure 107 for the three points. The average heat flux corresponding 

2 

to these points is about 1.0 to 14 Btu/in sec, based on the entire baffle 
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Figure 106. Injector Face Heat Flux Correlati 






Figure 107. Total Baffle Heat Load, Integral Baffle Injector 
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XII. FULL SCALE COMBUSTION STABILITY 
A. INTRODUCTION 


A significant part of the program effort involved the evaluation 
of combustion stability characteristics of the full scale hardware. For the 
most part, this work focused on the X-doublet pattern injectors. Although the 
demo (DXDTl) injector configuration was entirely stable over the range of 
operating conditions tested, instabilities could be induced by seemingly minor 
changes in cavity configuration. Two basically different types of instabilities 
were typically encountered. The first of these, termed "resurging", was unique 
to the X-doublets; the second type encompassed the classical acoustic modes 
commonly exp»,.''ienced in rocket firings. 

Resurging is characterized by periodic bursts of high frequency 
modes. The bulk of what follows addresses the resurging phenomenon. 


The classical acoustic modes and their nominal frequencies for the 
full scale chamber are: 


Chamber Acoustic Mode 


Frequency (Hz) 


First longitudinal (1-L) 1400 
First tangential (1-T) 3100 
Second tangential (2-T) 5200 
First radial (1-R) 6500 
Third tangential (3-T) 7100 
Fourth tangential (4-T) 9000 
First tangential and 

first radial (1-T + 1-R) 9100 


The introduction of acoustic cavities into the chamber distorts these classical 
modes. This has been demonstrated for CMS- type hardware in acoustic tests 
conducted under Contracts NAS9-14232 and NAS9-12802. With the baseline acoustic 
cavity described in Section IX, the distorted or suppressed 1-T mode has a 
calculated frequency of 2600 Hz. This value was corroborated experimentally: 
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XII, A, Introduction (cont.) 

the measured I-T frequencies were generally in the range of 2600 Hz rather than 
3100 Hz. Thus, in the following discussion, reference to the 1-T mode implies 
the distorted mode at 2600 Hz rather than the 3100 Hz undistorted mode. Discus- 
sion of the classical modes will be limited in what follows to the interaction 
thereof with the resurging-type instabilities. 

Stability investigations were also made of mixed element patterns 
containing X-doublet and splash plate elements in both a baffled and an unbaffled 
configuration. The mixed element injector was bomb tested 17 times; eleven of 
these tests showed high frequency instabilities, predominantly the second tan- 
gential mode. The inclusion of a radial resonator tuned to the second tangential 
frequency stabilized the injector. The integral baffle mixed element injector 
was tested 12 times; the initial tests exhibited the expressed first tangential 
mode indicating the ineffectiveness of the three-bladed baffle. Additional damp- 
ing for this mode was provided by returning the acoustic cavity; improved stability 
resulted for the majority of the remaining tests. 

Also, considerable emphasis was placed in W5TF testing on chugging 
behavior at low pressure operation, and on the occurrence of short duration pops 
early in a firing. These subjects are fully described elsewhere^ and will not be 
considered further. What follows then is primarily a description of the resurge 
phenomenon, what influences it, and what causes it. 

B. HARDWARE DESCRIPTION 

There were three basic injector patterns employed during the full 
scale testing portion of this program: the X-doublet pattern, the flat faced 

mixed element pattern, and the integrally baffled mixed element pattern. Detailed 
descriptions of these injectors are given in Section IX. The stability bomb tests 
were all conducted in heat sink chambers described in the same section. The in- 
strumentation used during the stability tests normally consisted of low frequency 
pressure instrumentation in the combustion chamber and both the injector manifold 
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XII, B, Hardware Description (cont.) 

circuits and high frequency pressure transducers in the combustion chamber and 
one or more of the acoustic cavities. In addition, temperature measurements were 
made in the acoustic cavities using chrome! -a lumel thermocouple probes. The life 
of these probes was rather short and the probe could not be changed frequently; 
cavity temperature data were not obtained on all tests. 

In general, the tests w^re conducted with ambient temperature oxi* 
dizer and heated fuel. The nominal fuel temperature when heated was 200®F. 

C. X-OOUBLET INJECTORS 


Ten different injector face assemblies were used in obtaining the 
X-doublet stability data. These injector face assemblies and the cores on which 
they were mounted are listed in Table XIV. 


TABLE XI V 

X-DOUBLET INJECTORS 


Core 

Workhorse S/N 
Workhorse S/N 

Workhorse S/N 
Workhorse S/N 

Demonstration 

Demonstration 


1 (Predam)* 

1 (Postdam)* 

2 (Predam)* 

2 (Postdam)* 


Face Assembly 

XDTl 

XDTl-A 
XDTl-B 
XDTl -C 

XDT2 

XDT2-A 
LDP XDT 

DXDTl -1 

DXDT2-2 

DXDT2-1 


S/N 1 
S/N 2 


*"Predam" is without face ring dams installed, "postdam" is 
following installation of face ring dams. 

D. X-OOUBLET TESTING 

The stability testing on the X-doublet injectors can be divided v .j 
three phases, each phase having its own objectives. These are surranarized below. 
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XII, D, X-Doublet Testing (cont.) 

1* Phase I - Elimination of Resurqing Instability 

Resurging instability was initially encountered in the first 
full scale test series conducted at the ALRC J-4 facility. The XOTl injector 
was used in these tests. Subsequent testing -- at J-4, WSTF, and the ALRC 
A-5 facility — were directed toward eliminating the resurge. This was accom- 
plished by the installation the face ring dams. 

2. Phase I I - Evaluation of Cavity Entrance Geometry Effects 

X-doublet injector stability was observed to be quite 
sensitive to the acoustic cavity inlet geometry. The relative stability of 
various cavity inlet configurations was evaluated over Tests 173 through 369, 
although other types of tests were also conducted during this period. The 
XDTl-B, XDTl-C, and DXDTl-1 injectors were used for this testing, which established 
the stability of the baseline configuration and the sensitivity of this con- 
figuration to various geometric changes. 

3. Phase III - Stability Margin Testing 

The intent of this phase was to determine the stability design 
margin of the baseline cavity in terms of cavity area and tune. This was accomp- 
lished by systematically reducing the cavity area, by increasing the rib thickness, 
and varying the tune to determine the minimum area configuration. Stability margin 
testing was conducted in Tests 376 to 423. The XDTl-C injector was utilized. In 
these tests, the baseline cavity was determined to have an 80% design margin 
in terms of cavity area, i.e., the baseline cavities have an entrance area 
approxifnately 80% greater than the minimum required tor stable operation. 

E. DESCRIPTION OF RESURGING 


Resurging is illustrated by the high frequency oscillograph trace 
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} XI I, E, Description of Resurging (cont.) 

I reproduced in Figure 108. It is seen to consist of periodic bursts of high 

frequency instability and gives the appearance of being a combination of a low 

I frequency chug, about 400 Hz, and one or more high frequency modes with 

frequencies ranging from 2000 Hz to 7000 Hz. Resurging has occurred both 
I spontaneously and as a result of stability bombs; the number of resurges has 

■ varied from a single event to continuous resurging which lasts until engine 

I shutdown. 

A detailed examination of a number of both spontaneous and bomb- 
I induced resurges showed that they have a common, readily identifiable character- 

istic. This is that the resurge can be broken into three phases, as shown in 
I Figure 109. Each resurge stvits, in the first phase, with a spinning 1-T mode 

which rapidly increases in amplitude and undergoes a slight increase in frequency. 
I As a high amplitude wave, this spinning 1-T mode will only make a single 

■ revolution of the chamber. It then decays to much smaMer amplitude. During 

I the period of rapid 1-T growth, the mean chamber pressure rises, indicating the 

I rate of gas generation within the chamber exceeds the steady state value and 

some burn-off of accumulated propellant is occurring. The high amplitude wave 
I is a detonation wave which atomizes and consumes essentially all the unburned 

propellant in the chamber. It subsides due to a lack of propellant available to 

m 

I fuel it. If the resurging is spontaneous, the time required for the spinning 

1- T mode to build up from zero amplitude is 0.003 to 0.004 seconds. However, 

I once resurging is established, each new resurge grows out of the noise level 

* existing in the chamber from the previous resurge. In this case, the time for 

I the 1-T buildup to occur is on the order of 0.0004 sec. 

The second phase of resurging begins after the spinning 1-T wave 
I has peaked in amplitude. This second phase is characterized by a decay in chamber 

pressure to less than the steady-state value. During the decay, a number of 
I lower amplitude, high frequency modes are present in the chamber with the 1-T, 

2- T, 3-T and 1-R modes all having been noted during this phase. Apparently, the 
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XII, E, Description of Resurging (cont.) 

rate of combustion drops off considerably during this phase because of the 
previous consumption of propellant by the detonation wave in addition to the 
reduction of propellant injection during the high pressure period. The chamber 
pressure decay reflects the fact more gas is leaving the chamber than is being 
generated. This second phase of resurging lasts about 0.0006 to 0.0008 seconds. 

The third phase consists of a leveling-off and slow rise in the 
chamber pressure. There can still be a significant amount of high frequency 
ringing or noise in the chamber during this time. The chamber pressure rise 
indicates the combustion rate or gas generation rate has returned to essentially 
its steady-state value and any gross disturbances of the injection flow rate have 
apparently died out. This reestablishment of the near-steady-state condition 
is seemingly the requirement for the next resurge. The duration of this third 
phase is not sharply defined but ranges betv/een 0.0010 to 0.0015 seconds. 

As noted previously, resurging frequently stops by itself and stable 
steady-state combustion resumes. A careful review of test records was made to 
see to what differences, if any, exist between the final resurge and preceding 
resurges, to determine what causes the resurging to cease. In no case was it 
possible to distinguish between the final resurge and its predecessors. The 
conclusion reached was that the trigger for each resurge lies hidden in the high 
frequency noise resulting from the previous resurge. Although in the spontaneously 
unstable tests the trigger for the first resurge has been clearly identified as 
a spinning 1-T mode, this is not necessarily the case for subsequent resurges. 

There may not be a single triggering event which can be identified as causing all 
resurges. The test data have indicated that certain cavity configurations and 
operating conditions are more susceptible to resurging than others. This implies 
some tests require larger resurging triggers than others and possibly even a 
different mechanism. For those instances in which the resurging just stops by 
itself, it can only be assumed that the chamber noise produced by the previous 
resurge did not contain the proper combination of frequency, amplitude, and phase 
relationship to trigger 2 next resurge. 
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XII, Full Scale Combustion Stability (cont.) 

F.. FACTORS INFLUENCING RESURGING 

A number of factors were experimentally Investigated to determine 
their Influence on resurging characteristics. Some of these were found to be 
of considerable Impact while others had negligible effect. The more significant 
of these are discussed below. 

1. Acoustic Communication within the Face Ring Manifolds 

The two Initial full scale X-doublet Injectors (XDTl and XDT2) 
were fabricated with the face ring manifold grooves completely unobstructed 
circumferentially, as shown In Figure HO* They were used In this configuration 
In Tests 1 through 38 In the ALRC J-4 testing, in Tests I-I-l, 5, 6, 7, and 8 
at WSTF, and Tests 101 through 123 In the ALRC A-5 testing. Approximately 
half of these tests exhibited resurging Instability. Following Test 123, the 
face was machined off the XDT2 Injector and dams were Installed at the three 
null points In each of the outer twelve face rings. A new face was bonded to 
the Injector body and the unit was designated as XDT2-A. It was retested 
(Tests 124 through 138) and found to be stable under operating conditions which 
had previously been unstable. All subsequent Injectors Incorporated the face 
ring dams. The Installation of the dams had a more pronounced effect on resurging 
Instability than any other single factor. 

2. Fuel Temperature 

It was determined very early In testing that high fuel temper- 
atures had a destabilizing effect on the X-doublet Injectors. This was noted 
on units both with and without face ring dams. During Tests 101 through 123 
with Injector XDT2, a number of configurations which were bomb-stable with ambient 
or warm fuel (70“ to 120®F) were unstable with hot (180® to 220®F) fuel. This 
fuel temperature sensitivity Is probably also the reason the first tests at 
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XII, F, Factors Influencing Resurging (cont.) 

WSTF with the XDTl injector and no ring dams were stable initially and then 
went unstable in resurging. The stable operation occurred while cool fuel flowed 
into the injector. After the regenerative chamber and the fuel reached steady- 
state conditions, the resurging began. 

3. Acoustic Cavity Area 

One of the more significant influences on resurging instability 
was acoustic cavity area. In general, the instability would change from 
resurging to pure high frequency modes as high frequency damping, i.e., cavity 
area, was reduced. This was demonstrated twice. First, on Tests 289 and 290, the 
XOTl-C injector was run with the acoustic cavities completely blocked off. In 
both tests the injector was bombed unstable in what appeared to be the 2T mode 
(5200 Hz), with the IR mode also present (6500 Hz). There was no resurging. 
Second, in the cavity margin testing, which employed the same injector, the 
cavity area and tune were altered to determine the minimum area required for 
stable operation. With decreasing area, the injector showed more of the acoustic 
mode instabilities and less resurging (Tests 383 through 414). The 1-T mode 
was the predominant one encountered in these tests. 

4. Injector Pressure Drop 

During the program, injectors with several different pressure 
drops were tested. These ranged from DXDT2-1 with 23 psid on the oxidizer side 
and 37 psid on the fuel side, to XDTl which when partially obstructed by wax in 
the fuel circuit had pressure drops of 50 psid on the oxidizer circuit and 81 psid 
on the fuel circuit (Test 34, ALRC J-4 testing). In addition, inlet orifices 
were installed on the XDT2 injector to provide an additional 65 psid drop in 
each circuit; these were used in the first 23 tests. Earlier, 50 psid orifices 
were installed in both circuits of the XDTl injector following its resurging 
instability in Test I-I-5 at WSTF. None of the above increases in pressure drop 
had any significant effect on resurging instability. The resurges prior to 
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XII, F, Factors Influ-ncing Resurging (cont.) 

and after the insertion of the added pressure drop were very similar. It was 
recognized that the additional pressure drop, to have its maximum effectiveness, 
would have to be located at a velocity antinode and that this could be done by 
placing the pressure drop as close to the injector face as possible. An attempt 
was made to achieve a high pressure drop close to the face in the fuel circuit 
of the XDT2 injector following Test 109. This was done by inserting a ring in 
the fuel circuit torus as shown in Figure 111. This ring partially obstructed 
the 1/4 in. holes coming from the outer fuel torus and introduced an additional 
35 psid pressure drop at that point. This ring also contained three null point 
dams which prevented communication from one fuel pie to another via the small 
torus downstream. In this configuration there was no change in resurge 
behavior from what had been demonstrated previously. 

5. Feed System Acoustics 

When resurging was first encountered, the low frequency 
(400 Hz) portion of the instability was thought to be the result of feed system 
coupling with the combustion process. In an effort to uncouple the feed system, 
a liquid accumulator or "can" was installed in both the fuel line and the 
oxidizer line. This was done during testing of, XDT2 at ALRC. The fuel can was 
installed prior to Test 110 and the oxidizer can prior to Test 121. The effect 
which these cans had on isolating the feed lines is shown in Figure 112, which shows 
the low frequency trace of the feed line pressures prior to and after installation 
of the cans. It can be seen that although both feed circuits upstream of the 
cans were effectively uncoupled from the combustion chamber, the resurqing 
continued virtually unchanged. This indicated that the feed system was simply 
responding to the pressure oscillations in the combustion chamber rather than 
being a contributing element in a feedback loop. 

6. Cavity Entrance Geometry 

The acoustic cavity geometry was altered considerably in the 


Page 283 



I I I I J 




Report 13133-F-l 


1/4 in. Dia. Drilled Hole 




Figure 111. Fuel Circuit Pressure Drop Ring 
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XII, F, Factors Influencing Resurging (cont.) 

course of the test program. Early in the testing, Tests 158 - 167, a rectangular 
workhorse or baseline cavity configuration was demonstrated to be stable. This 
configuration is shown in Figure 113. Following this testing, the fully 
contoured configuration, also shown in Figure 113, was found to be unstable. 

This sensitivity to inlet configuration precipitated :he evaluation of a variety 
of configurations as described in Section IX. The results, which are summarized 
in Figure 114, indicated that combustion stability is strongly influenced by 
the cavity lip geometry and by overlap. Overlap, as illustrated in Figure 115, 
is the distance the downstream edge of the cavity projects inward beyond the 
outer diameter of the injector core. 

Two series of tests were conducted to evaluate the effect of 
overlap on stability (Tests 306 - 336 and 350 - 368). The results of these 
tests are summarized in Figure 115- With both injectors tested, it was found 
that increased overlap improved combustion stability. The effect of cavity 
entrance geometry on stability, which was summarized in Figure 114 , is consistent 
with these results: namely, the inlet configuration which placed the downstream 

edge of the cavity close to the injector face was more stable than those con- 
figurations which did not. The fully contoured entrance was unstable while those 
with the sharp-edged entrances were stable. The radiused edge cavities pro- 
duced greater stability than the fully contoured entrances but less stability 
than the sharp-edged cavities. One test series (Tests 351 - 369) was conducted 
to determine whether it was the sharp edge of the cavity or the overlap which 
was stabilizing. In this series the overlap was increased from the nominal 
0.125 in. to 0.25 in. at the same time a 0.125 in. radius was placed on the 
edge, as shown in Figure 116. These tests served to determine whether the 
destabilizing effect of a radiused cavity entrance was caused by increased 
entrance flow coefficient or decreased effective overlap. By placing the radius 
on the high overlap lip, the combination of high flow coefficient and high over- 
lap could be tested. This was found to be a basically stable configuration, 
thereby indicating that the stability was the result of overlap and not the result 
of low flow coefficient from the sharp-edged lip. 
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XII, F, Factors Influencing] Resurging (cont.) 

Extensive variations in cavity depth were made during 
two test series. While testing the various inlet geometries, it was standard 
test procedure to alter the cavity depth over a relatively wide range, in order 
to rate the stability of the various inlet geometries. Those inlet geometries 
which would not show resurging with the widest range of 1-T tuning were con- 
sidered more stable than those which could only tolerate a small depth change. 

The results of this testing were given in Figure 114 . In these tests, the 1-T 
cavity depth was varied from 0.4 inches to 1.9 inches, giving an acoustic range 
of 1.0 inches to 2.5 inches. If the nominal 1-T cavity tune is taken a^ approxi- 
mately 3000 Hz, this depth variation represents a range of 1-T cavity tuning of 
from 2500 to 6300 Hz. These tests showed quite that resurgiiig instability 

was definitely effected by cavity tune and that deep cavities v«re required to 
eliminate resurging with a poor entrance geometry. With the baseline entrance, 
however, the resurging instability was absent over the entire range of cavity 
tunes tested. 


The second test series in which cavity depth was varied 
was the stability margin series. As noted earlier, these tests were intended 
to establish the minimum cavity area required to stabilize the injector. The 
approach employed was to systematically reduce the cavity area and vary the 
cavity tune at each reduced area until the stable range of cavity tune at each 
area could be established. The results of these tests are presented in Figure 117. 
These tests showed that at the minimum area the optimum 1-T denth was 1.1 inches, 
which is considerably removed from the 1.5 to 1.9 inch depth which was apparently 
optimum at the full (18%) 1-T area. Also, as the cavity area and tune decreased, 
the character of the instabilities began to change with more 1-T and less 
resurging becoming evident. An oscillograph trace illustrating this is given 
in Figure 118. As noted previously, it appeared possible to go from a resurge 
instability to a pure acoustic mode instability at v/ill, simply by reducing the 
amount of acoustic mode damping present in the chamber. 
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XII, F, Factors Influencing Resurging (cont.) 

One other cavity configuration, the partial contour also 
shown on Figure 113, was evaluated. The back corner of this configuration was 
radlused, although the Inlet had a sharp, rectangular corner. This Is essentially 
the flight hardware configuration as Is necessitated by wall cooling and fabri- 
cation considerations. There was no observable difference In the operating 
characteristics with this configuration. 

7. Cavity Tune 

The tune frequency of the acoustic cavities Is dependent upon 
the acoustic or effective length of the cavities, and the temperature and mole- 
cular weight of the gas In the cavity. Of these three factors, only the cavity 
depth can be accurately controlled. The sensitivity of cavity operation or 
Injector stability to shifts In the cavity tune Is of considerable Importance. 

For this reason, a significant number of tests were conducted In which cavity 
depth was varied and cavity temperatures were measured. No attempts were made 
to sample the cavity gas to determine Its molecular weight, however. 

a. Cavity Depth 

The baseline cavity depths (measured from the Injector 
face) were 1.5 Inches for the 1-T cavities and 0.4 Inches for the 3-T cavities. 

The cavity entrance added an effective length of approximately 0.6 Inches to 
each of these cavities, giving acoustic lengths of approximately 1.0 and 2.1 Inches 
for the 3-T and 1-T cavities, respectively. The effective entrance length was 
established In acoustic tests conducted under Contract NAS 9-14232. The 
cavity depths were varied by adding or removing filler blocks In the Individual 
cavities. 
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XII, F, Factors Influencing Resurging (cont.) 

b. Cavity Temperature 

Cavity temperatures were measured In a number of tests by 
liiser Ing chrome! -a lumel thermocouple probes Into the acoustic cavity. In most 
Instances a single .020 In. diameter sheathed probe was used, but In a number of 
tests a four-probe rake was Inserted to determine the temperature profile along 
the length of the cavity. Typical temperature responses obtained with the rake 
are g1 en In Figure 119. These data, obtained during a test with heat sink hard- 
ware, ' xtrapolate to a steady-state cavity temperature of approximately 1700 to 
.800°F. Plots showing the effect of location and mixture ratio on cavity tempera- 
ture are given In Figures 120 and 121. These figures show that the temperature 
In the cavity Is nearly uniform and that mixture ratio has no significant influ- 
ence on cavity temperature. 

The temperatures shown on Figures 120 and 121 were taken 
1.5 seconds Into the tests and are not steady-state values. The Indicated pres- 
sure dependence In the figures simply reflects the fact that the thermocouples 
approach steady-state more rapidly at high pressure than at low pressure and Is 
not Indicative of ncreased cavity temperature with Increasing pressure. 

The effect of cavity depth on cavity temperature Is given 
In Figure 120. The cavity temperature Is measured at the plane of the Injector 
face. No dependence of cavity temperature on cavity depth Is apparent. In no 
case was any correlation ever noted between cavity temperature and the occurrence 
of resurglng. 


A final set of cavity temperature data was obtained with 
the two deTi..instrat1on X-doublet Injectors. These injectors were unique In that 
when op''*^at1ng with the 0.126 Inch overlap the downstream edge of the cavity pro- 
jects Into the spray from the outer fuel elements and deflected some of the 
fi!-‘l spray Into the :av1ty. The result was a very wide spread In measured cavity 
temperatures as given In Figure 122. The temperatures ranged from the fuel satu- 
ration ten»;r«ruture up to 1600°F and showed no mixture ratio dependence. Even 
though this represented a wide range In cavity tune. It did not have any observ- 
able effect on the occurrence of resurging Instability. 
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Figure 121. Cavity Temperature vs Mixture Ratio 
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XII, Full Scale Combustion Stability (cont.) 

G. MECHANISM OF RESURGING 

Resurging instability manifests Itself as periodic low frequency 
('400 Hz) bursts of high frequency (2200-2700 Hz) instability. Because 
resurging has both a well defined low frequency and high frequency character- 
istic, attempts have been made to analyze and eliminate It from both low and 
high frequency points of view. This Is evidenced by the number of feed system 
and acoustic cavity modifications that were evaluated In the course of the program. 
Although no single low or high frequency damping device was found to eliminate 
resurging, the effects of the various changes did provide sufficient Insight to 
allow a phenomenological model of resurging to be constructed. This model 
explains essentially all the experimentally observed characteristics of resurging. 

Resurging Is considered to be an element- and pattern-related • 
phenomenon. The X-doublet element can be characterized as a good atomizing, 
poor mixing element. Wien It Is used with the concentric ring manifold pattern, 
a spray of concentric rings of well atomized fuel and oxidizer exists which 
extends some distance downstream from the Injector face. This Is evidenced not 
only by the mixing test results but also by hot fire heat transfer data which 
Indicate the existence of a low heat flux region for several Inches downstream 
of the Injector. 

The resurge begins with a low amplitude spinning 1-T wave. This 
wave Is supported by the Induced mixing of the edges of the fuel and oxidizer 
fans very close to the face and quite possibly by a monopropellant decomposition 
of the fuel droplets. The possibility of a monopropellant fuel reaction support- 
ing the 1-T wave Is based on the great sensitivity to fuel temperature, and Is 
substantiated by the photographic work done under Contract NAS 9-14186. The 
combustion photographs show that with the X-doub1et element there Is a signifi- 
cant monopropellant fuel reaction before the unlike fans Impinge and the bipro- 
pellant reaction begins. 
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XII, G, Mechanism' of Resurging (cont.) 

The spinning 1-T wave also can couple with the flow out the Injector 
elements. The X-doubTet element Is a low Inertance element and Is calculated 
to have a break frequency of about 6200 Hz on the fuel side. The break frequency 
Is that frequency at which the ability of the element to respond to perturbations 
begins to fall off rapidly. Since the spinning 1-T wave Is In the 2000 to 3000 Hz 
frequency range, the perturbations are readily fed back Into the face ring channels. 
The calculated fuel ring resonant frequencies are also In this range so that a 
coupling between the combustion and the propellant In the face ring channels could 
readily occur. The fact the Insertion of the three face ring dams In each ring 
had a very pronounced stabilizing effect Indicates that such coupling was 
occurring. However, the occurrence of resurging after the Installation of the 
face dams Implies other sources of damping are required In addition to the face 
ring dams. 


Once the spinning 1-T wave begins It rapidly grows In amplitude and 
frequency until It becomes a detonation wave. The Increasing wave strength can 
come from several sources. The radial and circumferential motion induced by 
the spinning wave promotes mixing of the atomized but unmixed propellants. 

Also, as the wave Increases in strength it produces droplet shattering and mono- 
propellant fuel reactic!?. At this time the wave Is gaining strength from the 
combustion of the unburned propellants accumulated downstream of the injector, 
raising the gas generation rate above its steady-state value and causing the 
chamber pressure to rise. All the high frequency records reviewed indicate that 
the detonation wave makes only one circuit of the chamber before it decays. As 
a high amplitude wave It consumes almost all the unburned propellant available 
so that there Is very little left to support It In the next cycle. The subsequent 
decay can be compounded by the decrease In the propellant Injection rate brought 
about by the higher chamber pressure. 
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XII, G, Mechanism of Resurging (cont.) 

Third, the cavity entrance may be distorting the peripheral flow 
of Injected propellant. Visual cold flow tests have shown that the outer edge 
of the fuel spray Impinges on the cav'ty lip and Is deflected by It. The 
cavity lip acts as a splash plate, deflecting the outer fuel Inboard Into the 
oxidizer. This produces early mixing and combustion of the Injected propellants 
around the periphery of the Injector, depleting that area of the downstream 
unburned propellant. Since the area Immediately adjacent to the wall Is most 
Important In supporting the spinning 1-T wave, this effect would be expected 
to be stabilizing. Improved stability did In fact result from Increased overlap. 
This Implies that the source of the resurging Is largely the low mixing of the 
outer X-doublet pattern and that the elimination of resurging could be accom- 
plished by a pattern modification In that area. 


H. SUMMARY 


The demo (DXDTI) Injector pattern was entirely stable over the range 
of operating conditions tested In conjunction with the QMS baseline cavity con- 
figuration. Other configurations were frequently unstable In a hybrid mode 
termed resurging, however. Resurging Is characterized by repetitive bursts of 
high frequency mode Instabilities. 

Resurging seems to be unique to the X-doublet Injection element. 

It Is attributed to the accumulation of unburned propellant within the chamber 
which Is consumed by a detonation wave that originates as a spinning 1-T wave. 
The detonation wave makes only one circuit of the chamber, following which the 
pressu**e decays. Acoustic cavities do not damp out the resurge and In effect 
may be fostering It by virtue of damping out the high frequency modes which 
normally would promote mixing and combustion of unburned propellant. 
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XII, H, Summary (cont.) 

After the peak amplitude is reached, it takes a period of time 
for the flow and steady-state combustion to be re-established. This is also 
a period in which the unburned propellant cloud downstream of the injector is 
re-established. A significant amount of high frequency activity at several 
different acoustic modes can exist during this time period as the chamber is 
ringing down from the detonation wave. The spinning 1-T does not begin ag-^' 
until the unburned propellant is accumulated, since it receives most of il > n 
from this source. However, once the propellant is there the whole process 
repeats, with the spinning 1-T arising from the ringdown noise in the chamber. 

When 1-T damping is removed from the system, the resurging disapoears 
and a normal 1-T or 2-T acoustically coupled mode appears. Resurging disappears 
because the acoustic mode aids the mixing process and prevents the accumulation 
of unburned propellant. Thus, there is no burn-off and accumulation process since 
the propellant burns as rapidly as it is injected into the chamber. In effect, 
the addition of acoustic mode damping suppresses the normal acoustic modes, allows 
unburned propellant to accumulate, and thereby makes resurging possible. 

The sensitivity of the resurging instability to cavity entrance 
geometry and overlap is probably the result of three separate effects. First, 
a rounded entrance on the cavity reduces the viscous energy dissipation of the 
oscillating gas jet at the cavity entrance. Although this effect is real, it 
may not be significant. Second, if the jet of gas exiting from the cavity 
induces mixing and combustion in the reacting propellants, it will have a 
stabilizing effect by virtue of adding energy out of phase with the acoustic 
mode in the chamber. Changing the cavity lip and overlap can result in a 
redirection of the jet from an area of high induced mixing to low induced mixing 
or vice versa and thereby change the effectiveness of the cavity. The importance 
of this effect is unknown at this time. 
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Among the factors that Influence the resurge behavior are (1) 
acoustic communication within the face ring manifolds, (2) fuel temperature, 

(3) acoustic cavity depth, (4) cavity open area, and (5) cavity entrance con- 
figuration. Resurging is considered to be an element- and pattern-related 
phenomenon, apparently originating with the peripheral row of injection elements. 
Elimination of resurging may be possible by pattern modification of the perioheral 
row. 
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